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APPLIED  COMPUTATIONAL  ELECTROMAGNETICS  SOCIETY 

Tho  Tenth  Annuo!  Review  of  Progr*» AppHed  Computaitonal  flectromognetlCi 
From  The  Conference  Chairman  To  All  Attendees: 

On  behalf  of  the  conference  committee,  welcome  and  thank  you  for 
coming  to  ACES  '94.  Also  welcome  (back)  to  Monterey,  to  California,  and  to 
the  Naval  Postgraduate  School  from  which  we  have  our  roots.  If  you  are  from 
abroad,  of  course,  welcome  (back)  to  the  USA.  If  this  is  your  first  time  here,  an 
extra  welcome,  and  an  invitation  to  ask  any  of  us  to  give  you  our  version  of 
where  to  go  and  what  to  do,  or  bow  you  can  become  involved— we  do  need  you! 

As  1  write  this  letter,  the  January  94  earthquake  in  the  Los  Ange'es  area, 
and  its  after  shocks,  are  still  very  much  in  the  news;  as  we  plan  this  enjoyable 
week  for  us  all,  I  cannot  help  but  think  of  those  affected,  possibly  some  of  you. 
I  find  it  remarkable  that  despite  the  numerous  calamines  affecting  ACES' 
beautiful  host  state  of  California,  an  atmosphere  of  energetic  hope  always 
prevails. 

For  this  10th  Anniversary  meeting,  we  have  tried  to  make  it  specia'  end 
memorable,  and  to  give  a  distinct  thank  you  to  Dick  and  Pat  Adler  for  thd:  years 
of  selfless  service.  We  tried  to  centralize  everything  around  the 
Doubletree/Convention  Center  so  as  to  give  Dick  and  Pat  somewhat  of  a  break 
this  year.  We  have  coordinated  noteworthy  social  events,  vendor  exhibits,  and 
short  courses.  We  deliberately  tried  to  expand  the  short  courses  and  sessions  so 
that  those  of  you  at  home  with  ACES  can  reach  out  to  other  related  ureas  like 
Wavelets,  Time  Frequency  Analysis,  and  Measurement  Validation.  We  also  felt 
that  with  research  money  being  tight,  if  ACES  was  the  one  conference  you  went 
to  this  year,  you  would  be  able  to  partially  dive,  .ify  while  here. 

By  way  of  acknowledgments  and  thanks,  once  again  Dick  and  Pat  Adler, 
and  Pat's  team  of  dedicated  ladies  who  work  so  hard  behind  the  scenes,  not  only 
here  during  the  conference,  but  all  year.  Jodi  Nix,  who  I'm  sure  you  all  talked  lo 
at  least  once  this  past  year,  has  been  the  hands  and  feet  of  ACES  94  for  over  a 
year.  She  attended  ACES  '93,  visited  the  Doubletree,  gave  ACES  publicity  at 
numerous  other  conferences  this  past  year,  and  contacted  countless  perspective 
participants  in  various  capacities.  She  and  her  team  at  Veda  designed  our 
letterhead,  poster,  flyers,  etc.,  coordinated  all  the  mailings,  and  even  kept  me  on 
schedule;  please  thank  her  every  time  you  see  her! 

Thanks  to  Jeff  Fath,  Dennis  Andersh,  and  the  Air  Force  Wright 
Laboratories  for  support,  advice,  publicity,  and  help  with  every  facet  of  this 
conference;  to  Rob  Lee  and  Jin  Fa  Lee  who,  as  you  can  see,  did  a  super  job  in 
pulling  together  all  the  short  course  ideas  into  a  working  reality.  Ray  Luebbers, 
the  ACES  '95  (despite  what  it  says  in  the  January  announcement)  Conference 
Chairman,  did  a  great  job  in  helping  us  out  this  year  providing  overall  help  and 
paper  review. 

Last  but  not  least  to  my  friend  Cod  I  simply  say  thank  you,  sir,  and  please 
don't  let  the  earth  shake  while  we  are  here. 


Best  Wishes, 

Andy  fcixuoU,  Chairman, 

1994  ACES  Conference. 

Dayton,  Ohio 
February,  IW4 
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ACES  PRESIDENT’S  STATEMENT 


It’s  nice  to  be  here  in  California  in  March,  especially  considering  the  frigid  weather  we 
experienced  in  the  Midwest  this  past  winter. 

It's  especially  nice,  however,  to  be  here  for  the  tenth  annual  conference  of  ACES.  It’s 
hard  to  believe  that  nine  years  have  gone  by  since  Ed  Miller  and  his  colleagues  at 
LLNL  convened  a  meeting  to  determine  if  there  was  a  need  to  form  a  society  to  cater  to 
the  needs  of  the  computational  electromagnetics  community.  The  answer  was  c 
resounding  ‘yes’  then,  and  so  it  remains  today. 

ACES  is  unique  in  its  attitude  to  the  profession.  It  has  senior-level  researchers, 
certainly,  who  publish  significant  papers,  and  yet  much  of  the  email  I  read  comes  from 
amateur  radio  operators  who  want  to  use  NEC  in  their  nonprofessional  activities,  and 
naturally  look  to  ACES  to  give  them  support  in  their  endeavors.  Perhaps  that’s  more  of 
a  credit  to  NEC,  but  ACES  started  as  a  virtual  NEC  user’s  group,  and  it’s  nice  to  see 
that  wc  haven’t  lost  our  roots. 

Andy  Terzuoli  and  Jodi  Nix  have  done  a  great  job  in  organizing  the  conference.  We 
owe  them  a  great  debt.  And  how  about  Dick  and  Pat  Adler?  You  thought  they  were 
just  a  couple  of  names  who  wanted  your  money.  Now  that  you’ve  had  a  chance  to  meet 
them,  and  their  support  staff,  you  can  do  the  right  thing  and  thank  them,  too. 

Let  me  tell  you  how  to  get  the  most  out  of  this  conference:  meet  colleagues,  see  the 
acquarium,  go  to  the  banquet,  have  a  good  rime.  The  papers  will  be  so  much  better  if 
you're  in  a  good  mood.  That’s  what  we  want  for  you. 


Harold  A.  Sabbagh 
ACES  President 


ACES  1994  SHORT  COURSES 


MONDAV  MARCH  21  FULL  DAY  COURSE 

"WAVELET  ELECTRODYNAMICS" 

by  Getald  Kaiser,  Dept  of  Mathematical  Sciences,  UMass-Lowell 

MONDAY  MARCH  21  FULL  DAY  COURSE 

"TIME-FREQUENCY  ANALYSIS" 

by  Leon  Cohen,  Hunter  College  and  Graduate  Center  of  CUNY 

MONDAY  MARCH  21  FULL  DAY  COURSE 

"GEMACS  FROM  A-Z" 
by  Buddy  Coffey,  Advanced  EM 

MONDAY  MARCH  21  HALF  DAY  COURSE 

"FDTD  FOR  ANTENNAS  AND  SCATTERING" 
by  Ray  Luebben,  Penn  State  University 

MONDAY  MARCH  21  HALF  DAY  COURSE 

"MEASUREMENT  VALIDATION  FOR  COMPUTATIONAL  ELECTROMAGNETICS" 
by  A1  Dominek,  Ohio  Stale  University 

MONDAY  MARCH  21  HALF  DAY  COURSE 

"USING  MODEL-BASED  PARAMETER  ESTIMATION  TO  INCREASE  EFFICIENCY 
AND  EFFECTIVENESS  OF  COMPUTATIONAL  ELECTROMAGNETICS" 
by  Ed  Miller,  Los  Alamos  National  Lab 

SATURDAY  MARCH  26  FULL  DAY  COURSE 

■FINITE  ELEMENT  METHODS  FOR  ELECTROMAGNETICS" 

by  Jin-Fa  Lee,  Worcester  Polytechnic  Institute;  Robert  Lee,  Ohio  State  University; 

Tom  Cwik,  Jet  Propulsion  Laboratory;  and  John  Butter,  MacNeal-Schwendicr  Corporation 

SATURDAY  MARCH  26  FULL  DAY  COURSE 

"WIRE  ANTENNA  MODELING  USING  NEC 

by  Richard  Adler.  Naval  Postgraduate  School;  James  Breakall,  Penn  State  University; 
and  Gerald  Brake,  Lawrence  Livermore  r  'stional  Lab 

SATURDAY  MARCH  26  HALF  DAY  COURSE 

"VOLUME-INTEGRAL  EQUATIONS  IN  EDDY-CURRENT  NONDESTRUCTIVE 
EVALUATION" 

by  Hal  Sabbagh,  Sabbag'n  Associates 

SATURDAY  MAItCH  26  HALF  DAY  COURSE 

"ELECTROMAGNETIC  CHARACTERIZATION  OF  ELECTRONIC  PACKAGES” 
by  Andreas  Cangellaris,  University  of  Arizona 
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with  Applications  to  Femtosecond  Soliton  Propagation 
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(708)491-4127 


Experimentalists  have  produced  all-optical  switches  capable  of  100  femtosecond  responses. 
Also,  there  are  experimental  observations  of  spatial  soliton  interactions.  To  model  such  effects, 
nonlinearities  in  optical  materials  mu  be  included.  The  behavior  of  electromagnetic  fields  in 
nonlinear  dielectrics  can  be  determined  by  solving  the  nonlinear  Maxwell’s  equations.  However 
currently,  the  standard  method  for  determining  the  fields  is  to  solve  the  nonlinear  Schrodinger 
equation  (NLSE),  which  is  an  approximation  that  neglects  the  optical  carrier  of  the  pulse.  For 
modeling  small  scale  engineered  inhomogeneities  in  optical  devices,  on  the  order  of  0.1  to  10 
optical  cycles,  the  assumptions  in  the  NLSE  become  unjustified. 


In  this  paper,  solutions  are  presented  of  calculations  of  the  2-D  vector  nonlinear  Maxwell’s 
equations  for  propagating  and  scattering  temporal  and  spatial  solitons  in  material  media 
having  linear  and  nonlinear  instantaneous  and  Lorentzian  dispersive  effects  in  the  electric 
polarization.  The  optical  carrier  is  retained  in  these  calculations.  A  finite  difference  method 
is  used  to  solve  Maxwi  U’s  equations  and  the  ordinary  differential  equations  that  determine 
the  linear  and  nonlinear  dispersive  effects  (!]. 


Figure  1  shows  the  electric  field  of  a  propagating  optical  soliton  carrier  pulse  in  a  dielectric 
waveguide.  Notice  that  the  pulse  is  not  dispersing  due  to  the  nonlinear  effects.  Figure  2  shows 
the  collision  of  two  equal-amplitude,  counter-propagating  solitons.  After  the  collision,  the  two 
pulses  regain  their  original  shapes.  The  presentation  will  include  a  video  of  these  calculations. 
Figure  3  shows  the  simulation  of  the  parallel  co-propagation  of  two  in-phase,  equal-amplitude 
spatial  solitons.  The  separation  provides  the  basis  for  an  all-optical  switching  mechanism 
because,  without  the  second  beam,  a  single  beam  will  travel  uudcflected. 


This  new  approach  enforces  the  vector  field  boundary  conditions  at  all  interfaces  of  dis¬ 
similar  media  in  the  time  scale  of  the  optical  carrier.  Therefore  this  approach  is  completely 
general.  It  assumes  nothing  about  the  homogeneity  or  isotropy  of  the  optical  medium,  the 
magnitude  of  the  nonlinearity,  the  nuturc  of  the  raaterials’s  frequency  dependence  or  the 
shape,  duration  and  vector  nature  of  the  optical  pulses,  By  retaining  the  optical  carrier,  this 
method  solves  for  fundamental  quantities,  viz.  the  electric  and  magnetic  fields  in  space  and 
time,  rather  than  a  nonphysical  envelope  function.  It  has  the  potential  to  provide  2-D  and  3-D 
modeling  capability  for  millimeter  scale  integrated  optical  circuits  having  sub-pm  engineered 
inhomogencitics. 
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Fig.  1.  Electric  field  of  a  propagating  optical  aoliton  carrier  pulie  with  initial  hyperbolic  accent  envelope  (A  =  2.19 
pm,  r  =  H.6  la)  in  1-pm  thick  Lorenti  medium  dielectric  waveguide,  including  quantum  effects  such  at  the 
Kerr  and  Raman  interactions. 


Fig.  3.  Electric  field  of  two  parallel,  in-phase,  co-propsgsting  spatial  aolitons  showing  alternating  attraction  and 
repulsion  interactions  for  a  uniform  dielectric  medium  having  a  finite  nonlinearity. 
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Abstract 

The  recent  extension  of  the  Finite  Difference  -  Time  Domain  (FDTD)  method  to  fre¬ 
quency  dependent  media  [Nickisch  and  Franke ,  1992]  allows  FDTD  to  now  be  applied  to 
ionospheric  propagation.  The  FDTD  method  solves  the  Maxwell  equations  directly  in  the 
time  domain  by  temporal  integration.  No  approximations  beyond  that  of  finite  differenc¬ 
ing  arc  necessary,  although  the  direct  enforcement  of  certain  approximations  is  possible. 
By  doing  so,  the  method  can  be  used  to  explore  the  effect  of  many  standard  propagation 
approximations.  We  consider  certain  approximations  typically  applied  to  the  problem  of 
propagation  in  randomly  structured  ionization  such  as  the  neglect  of  polarization  cc  .pling 
and  the  assumption  of  small  angle  scattering. 

1.  Introduction 

Due  to  advances  in  the  computational  speed  of  modern  processors  and  the  availability 
of  relatively  inexpensive  computer  memory,  the  Finite  Difference  -  Time  Domain  (FDTD) 
method  is  becoming  increasingly  viable  as  a  calculational  tool  for  physically  realistic  electro¬ 
magnetic  propagation  problems.  In  the  FDTD  method,  the  Maxwell  equations  (or  equations 
derived  from  them)  are  solved  directly  in  the  time  domain  by  converting  the  continuum  equa¬ 
tions  to  discrete  difference  equations  -  approximating  derivatives  as  finite  differences.  Until 
relatively  recently,  frequency  dependent  media  (such  as  the  ionospheric  plasma)  presented  a 
problem  to  the  FDTD  approach  since  for  such  dispersive  media  the  relation  of  the  electric 
displacement  to  the  electric  field  implies  a  convolution  in  the  time  domain.  As  we  have 
reported  [Nickisch  and  Franke,  1992],  it  is  possible  to  fully  account  for  the  dispersive  nature 
of  the  medium  without  resorting  to  convolutions.  Our  approach  incorporates  the  absorp¬ 
tive  and  anisotropic  nature  of  the  ionospheric  channel  as  well,  and  we  have  shown  that  the 
method  is  capable  of  extreme  accuracy.  Since  the  FDTD  method  requires  no  approximations 
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other  than  that  implicit  in  the  finite  differencing,  it  is  ideal  for  the  application  on  which  re¬ 
port  here,  that  of  examining  the  way  in  which  the  standard  random  media  approximations 
degrade  when  applied  outside  their  regime  of  strict  validity. 

Interest  in  the  applicability  of  approximate  propagation  theory  outside  intended  regimes 
arises,  in  particular,  in  the  arena  of  HF  communications  and  radar.  Theoretical  treatments 
for  the  calculation  of  signal  decorrelation  effects  derived  for  satellite  communications  at  sub¬ 
stantially  higher  frequencies  are  commonly  applied  to  the  HF  band  (3  -  30  MHz)  simply 
because  no  alternative  exists.  Yet  certain  of  the  approximations  assumed  in  the  derivation 
of  the  theoretical  expressions  arc  manifestly  violated  at  HF  frequencies  for  particular  envi¬ 
ronments.  For  example,  the  derivation  of  the  parabolic  equation  for  the  two-position  mutual 
coherence  function  assumes  (among  other  things)  that  the  field  correlation  length  remains 
large  compared  to  the  wavelength  of  the  propagating  field.  Yet  analysis  of  measured  HF 
channel  probe  data  for  propagation  through  the  naturally  highly  structured  ionosphere  of 
the  earth’s  polar  region  indicates  that  the  field  correlation  lengths  are  often  smaller  than  a 
wavelength  [Nickisch,  1992].  Since  the  predictions  of  the  approximate  propagation  theory 
are  used  to  design  communication  and  radar  systems  for  stressing  environments,  one  would 
like  to  have  some  indication  of  how  reliable  such  extrapolated  results  are. 

In  the  following  section  we  will  review  the  approximations  leading  to  the  parabolic,  equa¬ 
tion  for  the  two-position  mutual  coherence  function.  In  Section  3  we  will  compare  results 
obtained  using  the  FDTD  method  for  the  full  vector  wave  equation  to  FDTD  solutions  of  the 
scalar  Helmholtz  wave  equation,  and  further  compare  these  resuiLs  to  the  predictions  of  the 
propagation  theory  of  Section  2.  Finally,  in  Section  4,  we  will  briefly  discuss  the  implications 
of  our  results. 

2.  Random  Media  Propagation  Theory  -  the  Parabolic  Wave  Equation 
and  the  Two-Position  Mutual  Coherence  Function 

The  source  free  Maxwell  equations  are 

V/)  =  0  (1) 


V  •  B  =  0 


(2) 


V  x  E  = 


dB 

dt 


(3) 


where  for  the  medium  we  are  concerned  with,  B  =  p0f/,  and  jJ»  is  tVe  permeability  of  free 
space.  The  electric  displacement  D  is  related  to  the  electric  field  E  by  th  j  expression 


D  —  c0E  +  P 


(5) 
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where  c„  is  the  permittivity  of  free  space  and  P  is  the  electric  polarization.  The  electric 
polarization  accounts  for  the  reaction  of  a  medium  to  impressed  electromagnetic  fields  (charge 
displacement),  a  such  is  obtainable  from  a  dynamical  equation.  For  a  charged  cold 
plasma,  this  dynaim  -.1  equation  is  j Budden ,  1985], 


Equation  (6)  is  siinpl  lewton’s  Second  Law  relating  the  forces  on  the  charged  plasma  to 
the  plasma  acceleration,  written  in  terms  of  the  electric  polarization  P.  We  have  included 
in  (6)  the  forces  on  a  charge  due  to  the  applied  field  of  our  wave  of  interest  and  the  external 
geomagnetic  field  Be  responsible  for  magneto-ionic  splitting.  The  collisional  forces  respon¬ 
sible  for  signal  absorption  are  incorporated  through  the  electron  collision  frequency  i/c  in  the 
last  term. 

The  vector  wave  equation  is  readily  obtained  from  the  Maxwell  equations  by  applying 
the  curl  operator  to  (3)  and  applying  (4),  with  the  result 


1  d2E 
c2  dt1 


„  -  fi2  P 

=  VJ£-V(V.£) 


(7) 


Here  c  =  1  is  the  vacuum  speed  of  light. 

Thus  far  we  have  made  no  approximations  aside  from  some  modeling  assumptions  in 
Equation  (6)  regar  ding  the  simple  collision  frequency  model  for  absorption  and  the  neglect 
of  the  impressed  magnetic  field  in  deference  to  the  stronger  geomagnetic  field;  the  vector 
wave  equation  is  essentially  exact. 

In  many  cases  the  propagation  medium  can,  to  a  high  degree,  be  modeled  as  linear  in  its 
response  to  impressed  fields.  It  is  then  useful  to  define  a  dielectric  constant  of  the  medium. 
Since  our  discussion  of  the  parabolic  wave  equation  will  follow  that  of  Ishimaru  [1978,  chapter 
20],  we  will  use  his  notion  of  a  relative  dielectric  constant  er,  so  that  in  the  frequency  domain 
Equation  (5)  becomes 


D(u>)  =  <„cr(w)£(w)  .  (8) 

Most  generally  the  relative  dielectric  constant  is  a  tensor  and  its  product  with  E  on  the  RHS 
of  (8)  is  a  tensor  product,  but  the  standard  random  media  propagation  theory  we  are  about 
to  discuss  neglects  anisotropy,  so  there  is  no  need  here  to  consider  anything  but  the  scalar 
case.  (This  is  actually  an  approximation  since  the  ionospheric  plasma  is  indeed  anisotropic 
due  to  the  influence  of  the  geomagnetic  field.)  In  the  frequency  domain,  the  vector  wave 
equation  (7)  becomes 

0  =  V2E  +  k'i'rE  V(V  ■  E)  ,  (9) 

where  k0  =  u/c  is  the  free  space  wavenumber.  The  last  term  on  the  RHS  is  the  only  term 
which  can  couple  different  field  polarizations,  and  we  will  refer  to  it  as  the  polarization 
coupling  term.  Neglecting  this  term  results  in  the  scalar  Helmholtz  wave  equation. 
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When  can  the  polarization  coupling  term  be  neglected?  By  Equation  (1),  we  obtain  the 
identity 

0  =  V-(trE)=trV-E  +  (Vcr)-E  ,  (10) 

and  hence  the  vector  wave  equation  (9)  can  be  rewritten  as 


0  =  V2E  +  klerE+  V 


(U) 


In  this  form  one  can  sec  that  for  media  with  structure  scale  sizes  L„  which  remain  large 
compared  to  the  field  wavelength  A  =  2tt /k0,  the  polarization  coupling  term  may  be  neglected 
relative  to  the  k ■*  term  (that  is,  by  expanding  the  derivatives  of  the  polaiization  coupling 
term  and  approximating,  for  example,  dtrJdx  with  cr/L0,  one  argues  that  each  piece  of  the 
expanded  polarization  coupling  term  must  remain  smaller  than  the  fc*  term  and  can  therefore 
be  neglected).  Thus  the  standard  random  media  propagation  theory  for  strong  scatter  begins 
with  the  scalar  Helmholtz  wave  equation 


0  =  V5u(rH*o3eru(r)  ,  (12) 

where  n{r)  stands  for  any  component  of  the  vector  field  E(f). 

We  now  sketch  the  derivation  of  the  parabolic  wave  equation,  following  Ishimaru  [1978, 
chapter  20]  in  substantially  reduced  detail  and  placing  emphasis  on  the  approximations 
employed.  First  the  propagation  medium  is  assumed  to  consist  of  a  smooth  background 
contribution  (er(r))  w'th  superimposed  random  structure  rj (r), 

<r(r)  =  («r)[l +ti(F)]  ■  (13) 

Writing  k1  =  kl{cr),  the  Helmholtz  wave  equation  becomes 

0  =  [VJ  +  fc2(l  +  <i(r))]  u(0  •  (14) 

The  parabolic  wave  equation  is  obtained  from  (14)  by  neglecting  backscatter  and  as 
suming  that  the  propagation  is  confined  to  only  .'  mall  angular  deflections  from  a  preferred 
direction  (here  taken  to  be  the  x  direction).  Thus  the  field  is  written  as 

u(r)  =  U{r)e'kz  ,  (15) 

where  the  exponential  is  assumed  to  contain  the  rapid  field  variations  and  its  sign  indicates 
that  only  forward  propagating  contributions  are  accounted  for.  U  (r)  is  assumed  to  be  only 
slowly  varying  spatially.  When  this  form  is  substituted  into  (14),  one  finds  that  the  term 
containing  d^Uirj/dx1  is  negligible  relative  to  the  term  which  mixes  the  first  derivative  of 
U  with  the  first  derivative  of  the  exponential,  as  long  as  the  scale  of  variation  of  U(r)  in  the 
propagation  direction  (denoted  £x)  remains  large  compared  to  a  wavelength,  (r  A.  The 
resulting  parabolic  wave  equation  is 
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(16) 


+  V*  l/(r)  +  k2(l(?)U(r)  =  0  . 

OX 

Here  V 2L  is  the  Laplacian  acting  only  on  the  spatial  coordinates  transverse  to  the  assumed 
direction  of  propagation.  The  advantage  of  the  parabolic  wave  equation  is  that  it  is  first 
order  in  the  direction  of  propagation,  so  that  solutions  can  be  obtained  from  it  by  simple 
integration.  Its  disadvantage  is  its  restriction  to  small  angle  scatter  (which  is  relr.ced  to 
the  neglect  of  backscatter,  the  assumption  that  all  fast  field  variations  are  contained  in 
the  exponential  of  (15),  and  the  neglect  of  the  second  derivative  contributions  of  U  in  the 
direction  of  propagation).  (It  is  worth  noting  that  a  simple  geometrical  calculation  of  the 
parallel  correlation  length  based  on  a  single  phase-changing  screen  relates  lz  to  the  transverse 
correlation  length  (c  as  lT  f„/A.  Thus  the  restriction  (x  3>  A  requires  that  f,  >Aa s  well. 
The  transverse  correlation  length  is  itself  inversely  proportional  to  the  standard  deviation 
scattering  angle,  ~  A/f„.  Thus  the  restriction  fc  A  is  actually  a  small  angle  scatter 
restriction.] 

From  the  parabolic  wave  equation,  it  is  useful  to  derive  equations  for  various  expectation 
values  of  field  products,  referred  to  as  field  moments.  We  will  here  consider  the  second  mo¬ 
ment,  the  two-position  mutual  coherence  function  V(x,A p)  where  p  refers  to  the  transverse 
spatial  coordinates, 


r(x,Ap)  =  (U(x,  ?+Ap)U‘(x,p))  •  (17) 

The  angle  brackets  refer  to  ensemble  averaging  (this  averaging  will  be  replaced  with  spatial 
averaging  in  our  FDTD  processing  to  be  discussed  in  the  next  section)  and  the  asterisk 
refers  to  complex  conjugation.  Implicit  in  the  definition  (17)  is  the  assumption  that  the  two 
positon  mutual  coherence  function  depends  only  on  the  transverse  spatial  separation  of  the 
field  points,  but  not  on  their  absolute  positions.  An  equation  for  the  two-position  mutual 
coherence  function  can  be  derived  from  the  parabolic  wave  equation.  We  will  not  reproduce 
that  derivation  here,  but  again  refer  the  interested  reader  to  Jshtrnarv  (1978).  Its  derivation 
requires  use  of  the  Markovian  approximation,  that  the  dielectric  fluctuations  of  the  medium 
are  delta  correlated  in  the  propagation  direction, 


(ti(f  +  Af)ci(r))  =  6(Ax)A(x,  Ap)  .  (18) 

The  impact  of  this  assumption  is  thought  to  be  small  for  the  calculation  of  the  transverse 
correlation  of  the  field,  and  we  will  not  specifically  address  it  further  here.  The  resultant 
equation  for  the  two-position  mutual  coherence  function  is 


where 


d  ,  1  ,, 

ET2u(*' 


Ap] 


ru,  Ap)  —  o 


(is) 


d(x,Ap)  =  y[4(x,0)  -  A(x,  Ap)] 


(20) 
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is  tbe  differential  phase  structure  function.  The  solution  of  (19)  is  simply 


r(z,A  p)  =  e~iD(*'>  ,  (21) 

where  D(Ap),  the  phase  structure  function,  is  the  integral  of  the  differential  structure  func¬ 
tion  over  the  propagation  path. 

The  dielectric  fluctuations  of  (18)  can  he  related  to  electron  density  fluctuations  by 
making  use  of  the  relation  tr  =  1  —  (rtci/n)Nt/fi,  valid  for  an  isotropic  collisionless  cold 
plasma.  Here  rc  is  the  classical  election  radius  and  /  is  the  wave  frequency.  Let  £  represent 
the  fractional  electron  density  deviation, 


A  Nt 


(22) 


In  Section  3  we  will  consider  FDTD  propagation  orthogonal  to  elongated  electron  density 
structure  described  by  a  Gaussian  autocorrelation  function, 


B((P)  = 


(23) 


where  L0  characterizes  the  scale  size  of  the  electron  density  structures.  For  propagation 
through  a  structured  slab  of  length  L,  the  phase  structure  function  for  the  Gaussian  case  is 


where 


D(Ay)  =  2 


1  -  e 


=  V^r,)3  LLva%w 

and 


< = m>j 


(24) 


(25) 

(26) 


This  brings  us  another  typically  applied  approximation,  the  so-called  Quadratic  Structure 
Function  (QSF)  approximation.  Since  the  two-position  mutual  coherence  function  solution 
(21 )  is  simply  the  exponential  of  the  phase  structure  function,  a  Gaussian  mutual  coherence 
function  is  obtained  when  the  phase  structure  function  is  quadratic.  Indeed,  if  the  exponen¬ 
tial  in  (24)  is  expanded  in  a  Taylor's  series,  such  a  quadratic  structure  function  is  obtained 
by  neglecting  terms  of  higher  power  than  two.  Such  an  approximation  is  valid,  however, 
only  under  conditions  of  sufficiently  strong  scatter  that  the  mutual  coherence  function  is 
essentially  zero  for  spatial  separations  exceeding  L p.  Figure  1  shows  the  effect  of  the  QSF 
approximation.  Here  the  parameters  of  the  ionized  medium  have  been  chosen  to  agree  with 
those  used  in  our  FDTD  runs  to  be  discussed  in  the  next  section.  The  solid  curves  are  the 
mutual  coherence  functions  obtained  from  the  parabolic  equation  (PE)  solution  (24)  and 
the  dotted  curves  are  the  corresponding  QSF  approximation  results.  Only  in  the  strongest 
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PE  with  and  without  QSF  approximation 


£=0.8 


£=0.6 


6  MU*  10  MB*  to  MU* 


6  MU*  10  MM*  ZO  MU* 


0  ill  -i'l  B  ill  -912  a 

Ay  (mj  A v  (mj 


6  Mir*  10  MM*  to  MM*; 


B  MU*  10  MM*  10  MU* 


Figure  1:  Mutual  coherence  functions  obtained  using  the  full  parabolic  equation  result  (solid 
curves)  and  the  quadratic  structure  function  approximation  (dotted  curves). 
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scattering  cases  do  the  two  solutions  agiee.  For  moderate  to  weak  scatter,  the  QSF  approx¬ 
imation  fails  to  exhibit  the  semi-coherent  “wings”  of  the  full  PE  solution.  The  QSF  result 
does  match  the  the  central  “Gaussian”  portion  of  the  full  PE  result. 

One  important  result  of  the  QSF  approximation  is  the  simple  expression  for  the  transverse 
correlation  length,  defined  as  the  1/e  point  of  the  (Gaussian-shaped)  QSF  mutual  coherence 
function.  For  our  case  of  interest  (propagation  orthogonal  to  infinitely  elongated  electron 
density  structure)  the  field  correlation  length  transverse  to  both  the  propagation  direction 
and  the  elongation  direction,  £,,  is  given  by, 

t.  *  —  •  (27) 

a* 

More  general  second  moments  are  also  of  interest  such  as  the  case  in  which  the  fields  in 
(17)  are  evaluated  at  separated  frequencies  as  well  as  separated  spatial  points,  and  various 
approaches  to  the  solution  of  the  associated  second  moment  equation  exist.  Notably,  Kncpp 
[1983,  1985]  has  obtained  an  analytic  solution  for  the  two-position  two-frcqucncy  mutual 
coherence  function  for  a  spherical  wave  impinging  on  a  randomly  structured  slab  of  back¬ 
ground  electron  density.  This  solution  can  be  reduced  to  the  single  frequency  plane  wave 
case  discussed  above  by  receding  the  spherical  wave  source  to  an  infinite  distance  from  the 
medium  and  setting  the  frequency  separation  to  zero. 

Let  us  summarize  the  above  development  for  propagation  in  the  strong  scatter  regime. 
First  the  use  vector  wave  equation  is  reduced  to  the  scalar  Helmholtz  wave  equation  by 
neglecting  the  polarization  coupling  contribution  (generally  valid  when  the  field  wavelength 
is  small  relative  to  the  ionospheric  structure  scale  size).  Then  it  is  assumed  that  the  field 
is  dominantly  forward  scattering;  all  backscattered  contributions  are  ignored.  It  is  further 
assumed  that  this  forward  scattered  field  is  scattered  through  only  small  angles,  resulting 
in  the  so-called  parabolic  approximation  in  which  a  second  derivative  contribution  in  the 
propagation  direction  is  neglected  relative  to  other  terms  (generally  valid  when  the  field 
correlation  length  is  large  relative  to  the  field  wavelength).  From  the  parabolic  wave  equa¬ 
tion,  stochastic  equations  are  formed  for  higher  field  moments,  usually  under  the  assumption 
that  the  fluctuations  in  the  refractive  index  are  small  relative  to  the  mean,  and  the  Markov 
assumption  is  used  (the  propagation  medium  is  assumed  to  be  delta  correlated  in  the  propa¬ 
gation  direction).  From  this  point  further  analytical  progress  is  made  by  assuming  that  the 
moments  depend  only  on  transverse  spatial  separations,  not  on  absolute  positions.  Finally,  it 
is  often  assumed  that  the  scatter  is  sufficiently  strong  that  the  quadratic  structure  function 
(QSI ')  approximation  is  valid. 

3.  FDTD  Propagation  in  Randomly  Structured  Ionization 

The  analysis  we  are  about  to  present  extends  an  earlier,  very  preliminary  look  into  FDTD 
propagation  in  randomly  structured  ionization  [Mckisch  and  Franks,  1993].  In  that  work  we 
presented  results  based  on  FDTD  computations  performed  with  grid  densities  which  ranged 
from  minimally  adequate  at  the  lower  frequencies  considered  (eight  pouts  per  wavelength) 
to  inadequately  sparse  at  the  higher  frequencies  (four  points  per  wavelength).  However,  the 
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potential  of  the  method  was  demonstrated  and  some  indication  of  the  nature  of  the  discrep¬ 
ancy  between  the  approximate  theoretical  results  and  full  vector  wave  FDTD  results  was 
gleaned.  The  current  work  is  based  on  significantly  enhanced  grid  densities  and  additionally 
includes  comparisons  with  FDTD-generated  solutions  of  the  Helmholtz  wave  equation. 

The  FDTD  computations  were  performed  on  a  1024  by  512  point  mesh,  with  the  longer 
dimension  in  the  direction  transverse  to  the  direction  of  propagation  of  the  incident  plane 
wave  pulse.  The  grid  spacing  was  taken  to  be  1  meter  in  each  direction  of  the  2-D  mesh, 
which  allowed  better  than  ten  point  per  wavelength  resolution  for  frequencies  up  to  30  MHz. 
The  incident  pulse  form  (in  the  propagation  direction)  was  chosen  to  be  a  single  cycle  of  a 
squared  cosine  (and  planar  in  the  transverse  dimension),  and  its  temporal  width  was  adjusted 
so  that  its  frequency  spectrum  was  essentially  zero  at  frequencies  above  30  MHz.  Thus  the 
grid  was  able  to  support  the  full  frequency  content  of  the  signal  with  excellent  resolution. 
The  incident  pulse  was  polarized  in  the  transverse  (y)  direction. 

The  randomly  structured  medium  consisted  of  a  background  slab  of  ionization  at  a  plasma 
frequency  of  4  MHz,  320  meters  long  in  the  propagation  (i)  direction,  with  steep  exponential 
tapering  at  the  forward  and  backward  edges,  and  extending  the  entire  transverse  dimension. 
The  superimposed  random  structure  had  a  Gaussian  autocorrelation  function  characterized 
by  an  L0  —  32  meter  scale,  and  the  fractional  electron  density  variance  was  varied  between 
f  =  0.2  -  G.C  for  the  different  runs. 

These  2-D  computations  actually  represent  3-D  propagation  for  a  plane  wave  pulse  inci 
dent  normally  on  ionization  structure  infinitely  elongated  in  the  third  (£)  direction.  Periodic 
boundary  conditions  were  employed  at  the  transverse  grid  edges.  Second  order  Mur  absorb¬ 
ing  boundary  conditions  were  used  at  the  forward  and  backward  edges  [Mur,  1981],  Only 
the  forward  propagating  field  was  studied  in  detail;  the  signal  time  history  was  recorded  at 
a  plane  beyond  the  structured  slab  of  ionization. 

Figure  2  displays  the  time  history  at  the  receiver  plane  of  the  principal  polarization  of 
the  field  for  the  vector  wave  case  with  f  =  0.8.  Angular  scatter  is  evident  in  the  contorted 
wavefronts.  The  corresponding  cross-polarized  field  component  is  shown  in  Figure  3.  Note 
that  this  cross-polarized  energy  would  not  appear  for  the  scalar  Helmholtz  wave  equation 
since  no  polarization  coupling  occurs  there;  the  energy  transferred  to  the  cross-polarization  in 
the  vector  wave  equation  case  remains  in  the  principal  polarization  in  the  Helmholtz  case.  In 
Figure  4,  the  frequency  domain  content  of  the  principal  polarization  is  dispJ  yed  (magnitude 
only),  illustrating  one  of  the  greatest  advantages  of  the  time  domain  approach  over  spectra] 
approaches:  In  a  single  calculation  we  have  computed  the  response  a  very  large  portion  of 
the  HF  band.  Frequency  domain  approaches  would  have  required  numerous  calculations  to 
obtain  such  coverage.  We  note  that  signal  absorption  due  to  electron  collisions  was  accounted 
for  in  this  calculation,  and  thus  much  of  the  lower  frequency  content  of  the  incident  signal 
has  been  removed  by  the  medium.  The  geomagnetic  field  was  turned  off  here,  however,  so 
there  are  no  anisotropic  effects. 

In  addition  to  the  performing  full  vector  wave  FDTD  computations,  we  also  performed 
similar  computations  with  the  scalar  Helmholtz  wave  equation  by  neglecting  the  polarization 
coupling  term  in  Equation  (7).  Figure  5  displays  the  frequency  domain  content  of  the 
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Figure  3:  Time  domain  field  of  the  cross-polarization  for  the  vector  wave  equation  case. 
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Figure  4:  Frequency  domain  field  magnitude  for  the  vector  wave  equation  case. 
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Figure  5:  Frequency  domain  field  magnitude  for  the  Helmholtz  wave  equation  cane. 
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Helmholtz  result.  It  is  nearly  indistinguishable  from  the  principal  polarization  component 
of  the  corresponding  vector  wave  equation  case,  Figure  4.  The  difference  appears  to  be 
primarily  one  of  amplitude  as  all  the  energy  transferred  to  the  cross-polarization  in  the 
vector  wave  equation  case  remains  in  this  polarization  in  the  Helmholtz  case.  Though  we 
will  not  show  specific  examples  here,  wc  have  noted  substantially  larger  differences  in  the 
backscattered  fields  of  the  two  cases. 

The  reader  familiar  with  RF  signal  propagation  in  randomly  structured  ionization  will 
note  that  the  calculational  paiameters  used  in  our  FDTD  computations  (quoted  above)  arc 
stressing  to  the  validity  of  the  standard  random  media  propagation  approximations.  It  is  of 
interest,  then,  to  sec  what  the  theory  which  makes  use  of  all  the  approximations  predicts  in 
this  case.  To  perform  such  a  comparison,  we  computed  the  two-position  mutual  coherence 
function  (MCF)  of  the  received  field  across  the  frequency  band  for  several  realizations  similar 
to  Figure  4,  but  for  varying  fractional  electron  density  variances  (£  =  0.2, 0.4, 0.6, 0.8).  We 
then  computed  the  correlation  lengths  of  these  MCFs  and  compared  them  to  the  results  of 
the  analytical  calculation  discussed  at  the  end  of  Section  2. 

Figure  6  displays  a  subset  of  the  mutual  coherence  functions  computed  from  the  FDTD 
realizations  (solid  curves).  Recall  that  the  standard  definition  of  the  correlation  length  is  the 
1/e  point  of  the  mutual  coherence  function.  In  order  to  compare  with  the  QSF  approximate 
expression  for  the  correlation  length,  we  also  fit  the  central  peak  of  our  FDTD  generated 
MCFs  with  Gaussians  (dotted  curves  in  Figure  6).  The  correlation  lengths  quoted  in  Figure 
6  represent  the  1/c  paints  of  these  fitted  Gaussians.  The  correlation  lengths  so  defined 
actually  indicate  the  coherence  scale  of  the  random  component  of  the  field  only. 

The  results  of  our  correlation  analysis  are  displayed  in  Figure  7.  Here  the  FDTD  vector 
wave  equation  results  arc  shown  as  crosses,  the  Helmholtz  results  arc  indicated  by  circles, 
and  the  approximate  propagation  theory  results  appear  as  solid  curves  (denoted  QSF  PE). 
Wc  point  out  that  these  computations  were  performed  with  superior  FDTD  grid  resolution 
(60  points  per  wavelength  at  5  MHz  and  ranging  to  10  grid  points  per  wavelength  at  30 
MHz). 

The  first  thing  to  note  about  Figure  7  is  the  remarkable  agreement  of  the  methods 
considering  how  far  away  from  the  regime  of  validity  the  theoretical  approximations  were 
applied.  The  numerical  values  are  at  least  of  tiic  same  order  of  magnitude,  and  such  accuracy 
is  often  all  that  is  required  when  considering  system  performance  issues  in  severely  structured 
environments.  One  must  bear  in  mind,  however,  that  if  the  standard  1/e  definition  of  the 
signal  correlation  length  had  been  applied  in  computing  the  vector  wave  and  Helmholtz 
results,  their  curves  in  Figure  7  would  be  arcing  strongly  toward  infinity  at  the  RHS  of 
the  figure.  But  at  least  in  an  intermediate  regime,  the  FDTD  curves  closely  approach  the 
theoretical  curves. 

The  second  point  of  interest  is  that  in  all  cases  the  vector  wave  correlation  lengths  are 
larger  than  the  Helmholtz  values.  Thus,  for  the  principal  polarization,  neglect  of  polarization 
coupling  produces  a  somewhat  more  pessimistic  result  from  a  system  performance  point  of 
view.  We  have  found  (but  do  not  show  here)  that  the  correlation  lengths  of  the  cross- 
polarized  fields  for  the  vector  wave  equation  case  are  substantially  smaller  than  those  of  the 
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Figure  6:  FDTD  computed  two-position  mutual  coherence  functions  and  best  fit  Gaussians. 
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Figure  7:  Correlation  lengths  of  best  fit  Gaussians  to  the  FDTD-computed  vector  wave 
equation  (crosses)  and  the  Helmholtz  wave  equation  (circles),  compared  to  the  theoretical 
parabolic  equation  result  under  the  QSF  approximation  (solid  curves). 
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principal  polarization.  The  smaller  coherence  scale  of  the  cross-polarized  field  occurs  in  these 
cases  because  all  field  energy  in  the  cross-polarized  channel  is  the  result  of  depolarizing  scatter 
of  the  principal  polarization  field  from  the  random  structure;  there  is  no  incident  coherent 
field  in  the  cross-polarized  channel. 

Thirdly,  there  is  a  minimum  frequency  in  each  case  below  which  the  FDTD  computed 
correlation  lengths  grow  larger  with  declining  frequency,  in  marked  contrast  to  the  predictions 
of  the  approximate  theory,  This  is  the  regime  where  the  most  fundamental  assumptions 
leading  to  the  parabolic  wave  equation  are  being  violated;  he  field  correlation  length  and 
the  structure  scale  size  of  the  medium  become  smaller  than  the  field  wavelength.  The  effect 
is  manifested  in  smoother,  more  coherent  fields. 

4.  Discussion 

Comparison  of  Figures  1  and  6  is  quite  illuminating.  Because  the  FDTD-computed  MCF 
is  obtained  by  spatial  averaging  over  a  limited  transverse  dimension,  as  opposed  to  ensemble 
averaging  with  an  infinite  data  base,  the  “wings”  of  the  FDTD-computcd  MCFs  arc  not 
smooth.  Yet  the  agreement  of  Figures  1  and  6  is  remarkable.  This  indicates  that,  at  least 
for  the  limited  parameter  regime  tested,  the  parabolic  approximation  holds  pretty  well  for 
the  principal  polarization.  The  breakdown  of  the  parabolic  equation’s  approximations  is 
primarily  manifested  at  the  lowest  frequencies  where  the  vector  wave  MCFs  broaden  relative 
to  the  PE  MCFs.  The  quadratic  structure  function  approximation,  however,  is  seen  in  these 
figures  to  have  a  quite  limited  regime  of  applicability. 

Our  results,  as  summarized  in  Figures  6  and  7,  indicate  that  when  the  approximate 
propagation  theory  is  applied  in  the  regime  where  the  field  correlation  lengths  and  the  scale 
size  of  medium  structure  approach  or  even  get  smaller  than  the  field  wavelength,  it  does 
not  underestimate  the  level  of  signal  decorrelation.  Similarly,  in  the  regime  where  the  QSF 
approximation  is  invalid,  at  least  the  level  of  signal  decorrelation  is  again  not  underestimated. 
This  is  good  from  the  standpoint  that  systems  designed  under  the  more  stressing  conditions 
predicted  by  the  approximate  theory  should  be  able  to  perform  under  the  true,  more  benign 
conditions.  However,  there  is  a  danger  that  systems  could  be  over  specified,  resulting  in  more 
costly  systems  than  necessary.  Systems  which  might  be  predicted  to  fail  by  the  predictions 
of  the  approximate  propagation  theory  (when  applied  outside  of  its  regime  of  strict  validity) 
could  possibly  be  able  to  operate  in  reality. 

We  must  be  careful  in  interpreting  the  increase  of  correlation  length  with  declining  fre¬ 
quency  exhibited  on  the  LHS  or  Figure  7.  Both  conditions  La  S>  A  and  A  are  being 
violated  in  the  approximate  propagation  theory,  and  there  is  no  way  of  ascertaining  from  the 
current  uet  of  FDTD  data  which  violation  is  playing  the  dominant  role  in  correlation  length 
growth.  It  seems  plausible,  however,  that  it  is  the  smallness  of  the  ionization  structure  scale 
sizes  with  respect  to  the  field  wavelength  which  is  most  important;  the  structures  arc  less 
effective  at  scattering  wavelengths  significantly  larger  than  themselves. 

The  FDTD  analysis  presented  here  is  very  limited  in  scope.  Only  the  forward  propagating 
wave  was  examined  in  detail,  and  this  only  for  a  structured  plasma  slab  of  one  fixed  length 
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with  a  Gaussian  autocorrelation  function  of  one  fixed  scale  size.  One  should  be  cautious 
about  generalizing  these  results  to  other  parameter  regimes. 
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Abstract 

The  Finite-Difference  Time-Domain  (FDTD)  approach  is  a  particularly  useful  method  for 
investigating  nonlinear  electromagnetics  because  the  nonlinear  relationships  may  be  directly 
incorporated  into  the  equation  for  advancing  the  electromagnetic  fields.  This  approach  is 
applicable  to  nonlinear  magnetic  materials  with  oi  without  hysteresis  (i.c.,  time  dependence). 
Problems  with  geometric  details  that  are  very  small  compared  to  signal  wavelengths,  however, 
stress  FDTD  techniques.  This  occurs  because  the  Courant-limited  Ar  can  become  small  enough 
to  require  the  use  of  >  10"  time  steps  unless  one  is  tricky.  Tricky  means  observing  that  this  sort 
of  problem  has  a  solution  which  seldom  depends  on  the  speed  of  light  c.  Here,  we  demonstrate 
successfully  whacking  the  Courant  stability  condition  senseless  by  defining  c  to  be  100  mis. 

Introduction 

In  a  previous  publication,1  we  described  the  "reduced-e"  technique  for  a  magnetically 
linear  3D  problem.  The  linear  problem  geometry  is  illustrated  in  Figure  1:  It  consists  of  an 
aluminum  enclosure  with  walls  0.0127  m  (.5  in)  thick.  The  overall  enclosure  is  2.54m  x  2.54m 
x  16.18m  (lOOin  x  100in  x  637in).  All  of  the  walls  are  meshed  into  five  cells,  each  0.0051  m 
thick.  Interior  mesh  count  is  5  x  5  x  20  cells.  The  enclosure  is  driven  by  a  current  on  the 
underlying  conductor  of 

I  -  A  (e-»  -  e*')  W 

where 

A  ’  45.0  kA 

a  =  22.2  s'1  (2) 

P  «  6450  s' 1 

In  this  paper,  we  shall  discuss  excitation  of  a  steel  enclosure.  The  dimensions  of  the  steel 
enclosure  differ  in  a  minor  way  from  the  aluminum  one:  Its  dimensions  are  2.87m  x  2.87m  x 
17.22m,  and  walls  are  .0118  m  thick.  The  cell  arrangement  is  identical  to  that  shown  in  Figure 
l  for  the  aluminum  enclosure,  so  the  actual  ceil  sizes  are  proportionately  altered  in  a  minor  way. 
In  Figure  1,  the  thickness  of  the  wall  cells  is  greatly  exaggerated  to  make  them  visible. 

While  the  objective  of  our  study  was  to  evaluate  the  magnetic  fields  diffusing  into  the 
enclosure,  the  objective  of  this  article  is  to  illustrate  a  means  for  avoiding  Courant-dictated  Af’s 
which  are  ridiculously  tiny.  There  has  been  FDTD  work  where  one  first  makes  a  coarse  pass  to 
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determine  the  general  nature  of  the  EM  fields  over  a  large  object  One  can  then  finely  rezone 
a  small  portion  of  the  target  and  use  the  first-pass  solution  to  drive  the  rezoned  portion  of  the 
target  on  a  second  pass.  This  scheme  is  called  the  two-pass  algorithm.  On  the  second  pass,  the 
Courant-limited  At  can  become  onerously  srr,  1,  even  though  there  are  no  electromagnetic  effects 
that  require  fine  temporal  resolution.  The  reduced-c  technique  can  however,  be  applied  to  the 
second  pass.  This  is  a  novel  concept,  and  should  permit  much  more  practical  application  of  two- 
pass  FDTD  procedures. 


The  Nonlinear  Constituent  Relations 

For  B  vs.  H  nonlinear,  but  not  with  hysteresis,  we  first  expressed  }i(H)  =  B/H  in  a  three- 
range  dependence: 


pC H) 


Po(P;  +  vfO 


vo 

_J _ +  p0 

a  +  b(H  -  HJ  0 


<  »  <  * 


(3) 


If  the  nonlinear  FDTD  equations  are  used  in  this  form,  it  is  necessary  to  advance  H  by  iteration: 
MW”*1)  is  first  approximated  by  MW)-  The  new  W**1  thus  computed  is  then  used  to  estimate 
MW*1),  and  H  is  solved  again.  In  the  particular  example  we  studied,  one  iteration  was 
satisfactory,  although  we  also  tested  five,  two,  and  zero  iterations.  Table  1  shows  some 
magnetization  model  parameters  we  used.  Figure  2  shows  the  associated  B/H  =  H<B)  vs.  B 
curves. 


Table  1.  Table  of  Model  Parameters 
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Numerical  Results 


All  results  which  we  present  are  based  on  the  speed  of  light  being  slowed  to  5000  mis 
in  normal  cells  (see  Figure  1),  and  to  100  m/s  across  the  thin  dimension  of  the  skinny  cells.  This 
slowing  is  implemented  by  scaling  e.  Normally,  one  could  also  scale  fi,  but  we  think  that  would 
cause  problems  here  due  to  the  assumed  magnetic  nonlinearides.  The  e  scaling  factors  required 
to  reduce  c  to  this  degree  are  about  e,  =  4  x  10*  in  ordinary  cells  and  £,  =  1013  across  the  skinny 
cells.  These  scaling  factors,  for  the  given  cell  dimensions,  result  in  a  model  where  all  cell  edges, 
large  and  small,  require  about  20  ps  for  light  to  transit.  On  the  order  of  3  x  104,  instead  of  10“ 
time  steps  are  thus  required  for  caiculations  out  to  .5  s.  Our  calculation  are  all  based  on  a  steel 
bulk  conductivity  of  2.5  x  106  S/m. 

The  enclosure  was  divided  up  into  measurement  planes  denoted  2  to  6,  as  illustrated  in 
Figure  3.  The  transverse  magnetic  field  was  sampled  at  four  points  in  each  plane,  located  as 
Figure  4  shows.  Experimental  results  we  shall  discuss  were  all  taken  at  Cross-section  6.  Figure 
5  compares  the  experimentally  observed  magnetic  field  at  Observation  Point  1  and  the  calculated 
magnetic  field  based  on  the  models  parameterized  in  Table  1.  The  same  data  is  compared  at 
Point  3  in  Figure  6,  at  Point  5  in  Figure  7,  and  at  Point  7  in  Figure  8.  Generally  speaking,  fields 
are  overpredicted  near  the  floor  of  the  enclosure  and  underpredicted  near  the  ceiling  of  the 
enclosure.  The  Tape  2.4  model  permits  part  of  the  enclosure  floor  to  saturate,  which  results  in 
the  major  spike  (i.e.,  shielding  breach)  predicted  at  early  time  at  Observation  Point  1. 

Hyste retie  Considerations 

The  steel  enclosure  walls  actually  exhibit  considerable  hysteresis.  One  model  for  B  vs. 
H  with  hysteresis  is  the  cubic  representation  shown  in  Figure  9: 

H(fi )  -  a,BJ  +  fljB*  +  afi  *  a#  (4) 

where,  for  the  upper  curve 

(a,,  Oj,  av  a„)  =  (137.1,  -242.2,  191.8,  700.)  (5) 

and  for  the  lower  curve 

(a3,  «j,  a,,  flj)  =  (137.1,  242.2,  191.8,  -700.)  (6) 

If  one  is  at  some  point  ( B” ,  H")  within  the  area  enclosed  by  the  curves,  and  if  B"*1  is  a  AB  change 
from  B”,  then  HM'1  is  evaluated  through  an  operation  of  the  form 

H ""  =  -  B")  +  Hn  (7) 


where  m,  is  a  multi-valued  weighted  slope  defined  to  contain  the  hystcretic  path  within  the 
prescribed  hysteresis  and  to  follow  the  appropriate  curve  as  the  fields  move  into  the  saturation 
region. 
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In  general,  the  complexities  of  FDTD  analysis  with  hysteresis  present  are  outside  the 
scope  of  this  publication.  Our  intent  is  more  to  bedazzle  the  reader  with  the  wonders  of  the 
Courant-eluding  rcduced-c  concept  than  to  get  bogged  down  in  the  dreadful  drudgery  of  FDTD 
characterization  of  hysteresis  in  3D. 


*  Conclusions 

We  have  demonstrated  that,  for  geometries  where  fields  evolve  very  slowly  compared  to 
electromagnetic  transit  times,  the  Courant  condition  can  be  stretched  many  orders  of  magnitude 
by  scaling  £  and/or  jt.  The  present  article  demonstrates  a  case  where  e  was  scaled  by  10”  to 
reduce  c  to  100  m/s.  Usually,  e  and  ft  are  best  scaled  equally,  so  the  free-space  impedance  E/H 
is  not  modified.  Where  £  is  scaled  by  s„  ft  is  unsealed,  and  the  input  drive  is  a  current  or 
magnetic  field,  reduced-c  computations  will  output  E  fields  low  by  the  factor  (e,)*. 
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Figure  4.  Location  of  transverse  magnetic  field  observation  points  in  each  measurement  plane. 
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Figure  b.  Overlay  of  Point  1,  Plane  6  experimental  H,  and  the  //,  predicted  by  the  runs 
summarized  in  Table  1.  The  overshoot  for  Tape  2.4  occurs  because  part  of  the 
enclosure  floor  goes  into  saturation.  In  general,  calculations  on  the  enclosure  floor 
overestimate  Hr 
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LOCATION  3 


Figure  6. 


Figure  7. 


Overlay  of  Point  3,  Plane  6  experimental  Hx  and  the  Hx  predicted  by  the  runs 
summarized  in  Table  1.  There  is  again  some  saturation  evident  for  Tape  2.4. 
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Overlay  of  Point  5,  Plane  6  experimental  H,  and  the  H,  predicted  by  the  runs 
summarized  in  Table  1.  In  general,  calculations  at  the  enclosure  ceiling 
underestimate  Hr 
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Figure  9.  Bounding  B  vs.  H  hysteresis  defined  by  the  cubic  fit  of  Eqs.  (4)  -  (6). 


sen 


Performance  Prediction  Cor  Three-Dimensional  Anechoic  Ctubtri 

using  fdtd 

Vaughn  Cabin* 

Lockheed  Advanced  Development  Company 
D/25-50  B/311 

1011  Lockheed  Nay 
Palmdale,  CA  93599 

Raymond  Luebbers,  Christopher  Penney, 

Scott  Langdon,  and  Joseph  Schuster 
Department  of  Electrical  Engineering 
The  Pennsylvania  State  University 
University  Park,  PA  16802 


INTRODUCTION 

With  the  increased  availability  of  more  powerful  computers  for 
both  visualization  and  calculation,  the  Finite  Difference  Time 
Domain  (FDTD)  method  is  being  applied  to  problems  of  greater 
geometric  complexity  and  larger  electrical  size.  One  such  problem 
is  the  prediction  of  low  frequency  electromagnetic  performance  of 
microwave  anechoic  chambers. 

Anechoic  chamber  performance  at  low  frequency  suffers  from 
resonance  or  reverberation.  Measurements  and  high  frequency 
analysis  cannot  solve  these  problems.  FDTD,  on  the  other  hand,  can 
model  these  "cavity"  problems. 


APPROACH 

In  order  to  provide  this  prediction  capability  to  users  who 
are  not  necessarily  experts  in  the  FDTD  method,  a  suite  of  computer 
codes  has  been  developed  which  makes  this  analysis  capability 
available  in  a  user-friendly  environment.  Nevertheless,  great 
generality  in  chamber  design,  calculation,  and  display  has  been 
preserved . 

There  are  three  separate  computer  codes  involved.  One 
generates  the  wall,  ceiling,  and  floor  geometries  of  absorber 
covering.  The  user  can  define  various  primitive  shapes,  such  as 
pyramids  and  wedges,  and  specify  the  electrical  parameters.  The 
user  can  then  assemble  them  to  cover  the  walls,  floor  and  ceiling. 
Sub-areas  can  also  be  covered,  so  that  walls  can  include  different 
absorber  shapes.  The  areas  covered  need  not  be  constrained  to  the 
wall  planes,  so  that  a  chamber  with  a  pit  or  with  slanted  walls  can 
be  modeled.  This  program  then  produces  a  cubical  mesh  from  this 
geometry  information. 

Another  code  performs  the  actual  FDTD  calculations.  It  reads 
files  containing  geometry  and  calculation  parameters,  and  produces 
various  output  files  of  calculated  field  quantities. 
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The  interface  between  these  two  programs  is  an  X -Windows 
Graphical  User  Interface  (GUI)  program.  It  reads  the  absorber 
geometry  file  produced  by  the  first  program.  It  can  modify  this 
mesh,  and  add  feed  antennas,  reflector,  and  target.  It  also 
produces,  under  menu  control,  the  run  parameters  for  the  FDTD 
calculations.  After  the  FDTD  calculations  are  complete,  this  same 
program  reads  the  resulting  field  files  and  displays  the  calculated 
results.  Individual  components  of  the  fields,  as  well  as  the 
electrical  conduction  currents  or  the  instantaneous  Poynting 
vectors,  can  be  visualized,  and  the  values  of  these  components  can 
be  determined  anywhere  in  the  chamber. 


DEMONSTRATION 

Results  derived  from  this  suits  of  codes  will  be  presented  and 
discussed  at  the  conference.  This  includes  a  video  tape  which 
illustrates  the  setup  procedure  and  an  FDTD  visualization  of  the 
fields  inside  a  sample  chamber. 
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Abstract 

Thia  paper  preacnta  the  application  of  the  finite  difference  time  domain  method  in  the  simulation 
of  Dclta-I  uoiae  in  electronic*  packaging.  The  FDTD  program  la  used  to  compute,  the  electromagnetic 
field*  between  the  power  and  ground  planes,  and  i*  executed  simultaneously  and  linked  together  with 
circuit  simulators  for  lumped  and  transmission  line  components.  Numerical  teats  show  that  the  FDTD 
approach  is  far  more  efficient  than  other  techniques  presently  used  to  model  the  effecu  of  power  and 
ground  planes,  and  can  provide  much  more  accurate  results  than  the  widely  used  effective  inductor  model. 

I.  IntrodactMU 

As  integrated  circuits  are  operated  in  higher  speed  and  built  in  more  condensed  packaging,  the 
voltage  fluctuation,  which  is  often  called  the  Delta-I  noise,  in  the  power  supply  system  of  integrated 
circuits  has  become  a  more  significant  limiting  facte  for  the  reliable  operation  of  high-speed  integrated 
circuits  [1].  Power  and  ground  planes  are  widely  used  in  chip  modules.  However,  present  met! rods  to 
model  Use  effects  of  power  and  ground  planes  can  hardly  be  considered  accurate  or  efficient.  The  most 
widely  used  method  of  modeling  power  and  ground  planes  has  been  the  effective  inductor  model.  This 
static  field  approximation  does  not  take  into  account  the  field  propagation  and  resonance  in  power  and 
ground  planet,  and  is  inaccurate  for  high-speed  circuits.  The  Method  of  Moment  has  also  been  used  for 
the  modeling  of  power  and  ground  planes  12],  With  the  Method  of  Moment,  the  conducting  planes  are 
approximated  by  conducting  wire  grids.  Then  the  current  distribution  on  the  conducting  wires  is  solved 
for.  This  frequency  domain  approach  is  not  easy  to  be  directly  incorporated  with  transient  circuit 
simulators.  In  some  circuit  simulators,  such  as  in  ASTAP  of  IBM,  the  power  and  ground  planes  are 
represented  by  distributed  capacitors  and  inductors.  The  main  drawback  of  these  circuit  simulators  is  the 
requirement  of  excessive  computer  resources. 

This  paper  presents  the  application  of  FDTD  method  to  compute  the  fields  between  power  and 
ground  planes.  The  power  and  ground  planes  and  lumped  circuit  elements  are  modeled  altogether  by 
Unking  the  FDTD  program  with  circuit  simulators.  It  is  found  that  substantial  numerical  error  can  be 
introduced  if  the  FDTD  program  is  directly  linked  with  circuit  simulators.  However,  it  will  be  shown 
that  such  numerical  error  can  be  eliminated  by  adding  an  impedance  transformer  at  the  FDTD  grid  point 
where  the  linkage  between  the  FDTD  program  and  circuit  simulators  are  made.  The  combined 
FDTD/circuit-simulalor  approach  is  found  to  be  efficient  and  highly  accurate. 

II.  FDTD  Computations 

Consider  the  configuration  of  a  power  and  a  ground  plane  connected  to  a  number  of  pain  of  vits, 
as  shown  in  figure  1.  As  currents  flow  through  vias  onto  the  power  and  ground  planes,  they  generate 
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trim  rat  fields  which  atribute  to  volute  fluctuations  between  power  and  ground  planes.  In  typical 
packaging  structures,  the  tize  of  the  pr*wer  and  ground  planes  is  much  larger  than  the  separation  between 
them.  The  electromagnetic  fields  between  the  power  and  ground  planes,  except  near  the  via  junctions,  can 
be  considered  invariant  in  the  z  direction  which  is  perpendicular  to  the  power  and  ground  planes.  The  two 
dimensional  field  between  power  and  ground  planes  satisfies  the  following  differential  equations: 


,y,i) 


L‘ - 5 - 


(i) 


Vj.{x,y,t) 


C  3V(x,y,t) 
dt 


(2) 


where  V(x,y,t)  represents  the  voltage  between  power  and  ground  planes,  J,(x,y,t)  is  the  current  density 
on  the  power  plane,  L*  is  the  inductance  per  square,  and  C,  is  the  capacitance  per  unit  area.  At  the  edges 
of  power  and  ground  planes,  the  current  component  normal  to  the  edges  are  set  to  zero.  By  using  central 
difference  approximations  of  spatial  and  time  derivatives,  and  assuming  equal  FDTD  grid  size  in  the  x  and 
the  y  directions  (Ax~Ay -dh),  the  difference  equations  of  equation  (1)  and  (2)  are: 
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where  the  current  and  1 Difference  equations  (3)  to  (5)  are  applied  alternatively  until 

a  pre-specified  time  step  for  termination. 

III.  Input  Impedance  of  FDTD  Grids  ud  Linkage  between  FDTD  Code  and  Circuit  Simulators 


In  electronics  packaging  structures,  power  and  ground  planes  are  connected  to  lumped  circuit 
elements  or  strip/microstrip  lines  through  vias.  At  the  FDTD  grid  points  where  vias  are  located,  the 
FDTD  program  is  linked  with  circuit  solvers  for  lumped  components.  It  is  found  that  the  direct  linkage 
between  FDTD  code  and  a  circuit  analysis  program  at  one  single  FDTD  grid  point  can  result  in  significant 
numerical  error.  Tuts  error  u  originated  from  the  mismatch  between  the  input  impedance  uf  it  FDTD  p  iu 
and  that  of  the  physical  structure.  The  via  and  power/ground  planes  constitute  a  radial  transmission  line. 
The  input  impedance  of  the  infinitely  long  radial  transmission  line,  when  the  separation  between  the  power 
and  ground  plane  is  d  and  the  radius  of  the  via  is  a,  can  be  found  as  [3]: 


Zo<«) 


jrjd  go(2)(*a) 

2rra 


(6) 


where  H0<1)(ka)  and  H,(,,(ka)  are  Hankel  functions.  The  input  impedance  of  an  infinitely  large  FDTD  grid 
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Zgrm^dh)  can  also  be  found  analytically  [4].  As  can  be  seen  from  equation  (6),  the  input  impedance  of 
die  radial  transmission  line  depends  on  the  radius  of  the  via,  whereas  the  input  impedance  of  the  FDTD 
grid  depends  on  the  grid  size  dh.  These  two  impedances  are  generally  not  equal  to  each  other.  By  adding 
an  impedance  transformer,  defused  as  Z*  «  Zo(a)-ZoFim>(^).  between  the  FDTD  program  and  the  circuit 
analysis  program  as  shown  in  figure  2,  the  input  impedance  Zo  mroidh)  of  the  infinitely  large  FDTD  grid 
is  transformed  to  the  input  impedance  Z^a)  of  the  infinitely  long  radial  transmission  line.  In  figure  2,  the 
voltage  source  W(t)  represents  the  fields  reflected  from  edges  of  finite  size  power/ground  planes  and/or 
fields  generated  from  currents  in  other  vias  between  the  power/ground  planes. 

To  examine  the  effects  of  the  impedance  transformer,  consider  the  following  example.  Suppose 
the  power  and  ground  planes  are  of  6  cm  X  6  cm  in  size,  separated  by  a  distance  d  =  ISO  pm,  and  filled 
by  a  dielectric  material  of  <,—4.  A  current  source  with  a  sine-square  waveform,  as  shown  in  figure  3,  is 
applied  across  a  pair  of  vias  of  radius  a  "  75  pm.  Figure  4  shows  voltage  waveforms  at  the  junction  of 
the  via  and  power/ground  planes.  The  dashed  curves  in  figure  4  are  computed  without  impedance 
transformers  and  with  grid  size  dh  —  0.25,  0.5,  1.0  and  2.0  mm  respectively.  These  curves  reveal  that 
numerical  results  obtained  without  using  impedance  transformers  depend  strongly  on  the  mesh  density. 
The  solid  curve  in  figure  4  is  die  voltage  waveform  computed  with  the  impedance  transformer.  It  is  found 
that,  by  adding  the  impedance  transformer,  numerically  computed  voltage  waveforms  are  virtually 
independent  of  the  grid  size  dh. 

Multiple  power  and  ground  planes  are  often  used  In  packaging  structures.  Figure  5  shows  the 
configuration  of  a  packaging  structure  of  two  power  planes  and  two  ground  planes.  Suppose  a  pair  of  vias 
are  connected  to  a  power  and  a  ground  plane  at  point  A.  The  two  power  planes  are  connected  by  a  via 
at  point  B,  and  the  two  ground  planes  ate  connected  by  a  via  at  point  C.  Define  the  voltage  in  each  pair 
of  conducting  planes  as  shown  in  figure  5.  The  schematic  program  structure  for  solving  this  problem  Is 
shown  in  figure  6.  Electromagnetic  fields  between  each  pair  of  planes  are  computed  by  one  FDTD  field 
solver.  Impedance  transformers  Z^,  Zu  and  Z*,  transform  input  impedances  of  FDTD  grids  to  input 
impedances  of  corresponding  radial  transmission  lines,  and  are  placed  at  via  junctions  as  shown  in  figure 
6. 

IV.  Numerical  Examples 

IV.  1,  On  the  efficiency  of  (be  method 

This  example  compares  the  efficiency  of  IBM’s  ASTAP  using  the  capacitor/inductor  mesh  model 
and  that  of  our  method  using  the  combined  FDTD/circuit-simulator.  Still  consider  the  power  and  ground 
planes  of  6cm  x  6cm  in  size.  A  60x60  mesh  is  used  in  FDTD  method,  and  a  60x60  capacitor/inductor 
mesh  is  used  in  ASTAP.  It  is  found  that  computed  results  by  ASTAP  also  depend  on  mesh  density,  and 
they  arc  numerically  almost  undistinguishable  from  those  obtained  by  our  method  without  using  the 
impedance  transformer  [5],  It  is  apparent  that  the  solution  from  ASTAP  has  the  same  kind  of  error  as  our 
method  when  no  impedance  transformers  are  used.  On  the  issue  ot  computation  efficiency,  there  is  a  huge 
difference  between  the  computer  times  spent  by  these  two  methods  as  can  be  seen  from  Tabic  1  below. 

IV.2,  On  the  validity  of  the  effective  inductance  model 

Consider  the  configuration  shown  in  figure  7,  where  the  power  and  ground  pir-i  connected  to  the 
d.c.  voltage  power  are  at  a  distance  D  from  the  pair  of  vias  connected  to  IC  circuits.  The  effect  of  power 
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and  ground  planet  in  electronics  packaging  hat  been  moat  widely  modeled  as  an  effective  inductor.  This 
means  that  the  input  impedance  Z_,  looked  into  the  power  and  ground  planes  as  indicated  in  figure  7,  is 
approximated  by  the  impedance  of  an  inductor.  With  the  FDTD  method  described  above,  the  frequency 
dependent  input  impedance  Z*  can  easily  be  found  by  taking  Fourier  transforms  of  the  transient  current 
and  voltage  across  the  vias.  Figure  8  displays  the  imaginary  part  of  Zj.  for  different  distance  D,  where 
the  power  and  ground  planes  are  Can  X  6cm  in  size  and  separated  by  d  ■>  150pm.  Figure  9  shows  the 
imaginary  part  of  Z*  for  a  smaller  size  (1cm  X  1cm)  of  power  and  ground  planes.  Aa  can  be  clearly  seen 
from  figure  8  and  9,  input  impedance  Z*,  is  strongly  influenced  by  the  resonance  in  the  power  and  ground 
planes,  which  is  not  represented  by  the  effective  inductor  model.  The  effective  inductor  model  is  generally 
not  accurate  to  model  the  effects  of  power  and  ground  planes,  except  for  small  conductor  planes  and  in 
positions  very  close  to  Vcc/ground  pins  in  the  low  frequency  range,  as  in  the  cue  shown  by  curve  3  in 
figure  9. 

V.  Condusioaa 

This  paper  shows  that  the  FDTD  method  can  be  effectively  used  to  model  electronics  packaging 
structures  containing  power  and  ground  planes.  The  modeling  of  the  connection  between  via  and 
conducting  planes  needs  to  be  treated  properly  to  avoid  numerical  errors.  With  the  combination  of  FDTD 
and  circuit  simulators,  the  simulation  of  DelU-I  noise  distributions  in  complex  electronics  packaging  of 
multiple  power  and  ground  planes  can  be  accomplished  accurately  with  high  efficiency. 

Acknowledgement 

This  work  is  supported  by  the  National  Science  Foundation  under  contract  MIP-9357561,  and  the 
Integrated  Electronics  Engineering  Research  Center  (IEEC)  at  the  State  University  of  New  York  at 
Binghamton. 

Reference 

[1]  R.  Senthinalhan  and  J.  L.  Prince,  Simultaneous  Switching  Noise  of  CMOS  Devices  end  Systems,  Kluwer 
Academic  Publishers,  1994. 

[2]  A.  R.  Djordjevic  and  T  K.  Sarkir,  'An  Investigation  of  Delta-I  Noise  on  Integrated  Circuits,'  IEEE 
Trans.  Electromagn.  Compal.,  vol.  35,  pp.  134-147,  May  1993. 

[3]  S.  Rink),  J.  R.  Whinnery,  and  T.  Van  Duzer,  Fields  and  Waves  in  Communication  Electronics,  Wiley, 
1965. 

[4]  Zbanghua  Wu,  Jiayuan  Fang  and  Yaowu  Liu,  *A  Closed  Form  Solution  of  the  Input  Impedance  of 
Two-Dimensional  FDTD  Grids,'  accepted  for  presentation  at  the  Tenth  Annual  Review  of  Progress  in 
Applied  Computational  Electromagnetics,  Monterey,  CA,  March  21-26,  1994. 

[5|  Yuzhe  Chen,  Zhonghua  Wu,  Amit  Agrawal,  Yaowu  Liu  and  Jiayuan  Fang,  'Modeling  of  Delta-I  Noise 
in  Digital  Electronics  Packaging',  accepted  for  presentation  it  the  1994  MCM  Conference,  Santa  Cruz, 
CA,  March  15-17,  1994. 


Mesh 

Density 

ASTAP  on 

IBM  3090/021  Mainframe 

Method  of  this  paper  on 

IBM  R/6000-350  workstation 

Ratio  of 
CPU  time 

60  x  60 

19  m  30.88  s 

0.74  s 

1582 

Table  1.  Comparison  of  CPU  times  of  ASTAP  end  the  method  of  this  paper. 

(For  both  methods,  250  time  steps  are  computed,  with  4  ps  time-step) 
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To  chips 


power  plane 
ground  plane 


Fig.  1.  A  cross-sectional  view  of  power  and  ground  planes  with  vias  connected  to  chips. 


Zd  =  Zo(a)-  Zo  FDTD 


Zo  FDTD 
W(t) 


Fig.  2.  Equivalent  circuit  model  looking  into  the  FDTD  fid. 

(a)  without  an  impedance  transformer,  (b)  with  an  impedance  transformer. 


Fig.  3.  Waveform  and  spectrum  of  the  current  source. 
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Fig.  4.  Noise  voltages  without  and  with  the  impedance  transformer. 


To  IC  Circuits 


power  plane 

ground  plane 
power  plane 

ground  plans 


Fig.  5.  Configuration  of  multiple  power  and  ground  planes. 
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Fig.  6.  Schematic  diagram  of  linkage  between  field  and  circuit  solvers  for  the 
configuration  of  multiple  power  and  ground  planes  in  figure  5. 


Zin 


Fig.  7.  The  configuration  of  an  electronics  packaging  structure  for  numerical  tests. 
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Frequency  (GHz) 

Figure  S.  The  imaginary  part  of  die  input  impedance  for  the  structure  shown  in  figure  1,  when  the 
size  of  the  power  and  ground  planes  is  6cm  X  6cm.  The  separation  D  between 
Vcc/ground  pins  and  die  via  at  the  center  is  3.0cm  (curve  1),  1.0cm  (curve  2)  and  0.1cm 
(curve  3)  respectively. 


Figure  9.  The  imaginary  part  of  the  input  iityedance  for  the  structure  shown  in  figure  7,  when  the 
size  of  the  power  and  ground  planes  is  1cm  X  1cm.  The  separation  D  between 
Vcc/ground  pins  and  the  via  at  the  center  is  0.5cm  (curve  1),  0.3cm  (curve  2)  and  0.1cm 
(curve  3)  respectively. 
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A  Closed  Form  Solution  of  the  Input  Impedance 
of  Two-Dimensional  FDTD  Grids 

23ionghua  Wu,  Jiayuan  Fang  and  Yaowu  Liu 
Department  of  Electrical  Engineering 
State  University  of  New  York  at  Binghamton,  Bimshamton  NY  13902 


Abstract 

Finite  Difference  Tune  Domain  (FDTD)  method  has  been  widely  used  in  the  modeling  of 
interconnects  and  packaging  structures  of  integrated  circuits.  It  is  found  that  in  the  modeling  of  the 
connection  of  a  via/pin  to  a  conducting  plane  at  one  FDTD  grid  point,  substantial  numerical  error  can  be 
wumHiiemt  However,  this  numerical  error  can  be  eliminated  if  the  input  impedance  of  the  FDTD  grid 
is  known.  This  paper  present,  the  derivation  of  a  closed  form  solution  of  the  two-dimensional  FDTD 
grids.  The  theoretical  closed  form  solution  of  FDTD  grids  is  verified  by  numerical  tests. 

I.  latroductioo 

Electromagnetic  modeling  of  many  packaging  structures  of  integrated  circuits  can  be  realized  by 
using  '.’o  finite-difference  time-domain  method.  One  such  example  is  die  simulation  of  voltage 
fluctuauons,  which  is  often  called  the  simultaneous  switching  noise  or  Delta-I  noise,  in  the  power  supply 
network  of  chip  modules  [1-2].  In  typical  packaging  structures,  power  and  ground  planes  are  connected 
to  lumped  circuit  elements  or  strip/microstrip  lines  through  vias.  Electromagnetic  fields  between  power 
and  ground  planes  can  often  be  approximated  by  two-dmensional  fields,  and  computed  by  two-dimensional 
FDTD  analysis  [2].  At  the  FDTD  grid  points  where  vias  arc  located,  the  FDTD  field  solver  for  fields 
in  power  and  ground  planes  is  linked  with  circuit  solvers  for  lumped  and  transmission  line  components. 
Although  it  is  of  great  simplicity  by  modeling  the  connection  of  a  via  to  the  power/ground  planes  at  a 
single  FDTD  grid  point,  substantial  numerical  error  can  be  introduced  if  the  FDTD  field  solver  is  directly 
linked  with  circuit  solvers.  This  numerical  error  can  be  removed  by  adding  an  impedance  transformer 
between  each  circuit  solver  and  die  FDTD  fiekl  solver  to  transform  the  input  impedance  of  die  FDTD  grid 
to  the  inpu»  impedance  of  the  physical  structure  [2], 

The  question  of  the  input  impedance  of  a  2-D  FDTD  grid  is  equivalent  to  the  following  one:  if  a 
current  is  injected  to  one  grid  point  of  an  infinite  2-D  FDTD  grid,  what  is  the  resultant  electric  field  at 
die  source  point?  The  answer  to  this  question  can  be  found  through  direct  FDTD  computations,  which 
results  in  an  infinite  data  series  (although  it  may  be  truncated  within  finite  time  steps).  However,  the 
numerics!  form  of  the  input  impedance  is  cuniberscnie  to  appiy,  because  us  values  depend  on  FDTD  gria 
size  and  it  requires  large  computer  memo  to  store  the  whole  numerical  solution.  It  is  of  advantage  to 
have  analytic  expi  Elions  of  the  input  imt  ce  of  FDTD  grids.  Unfortunately,  such  analytic  expressions 
are  not  available  in  present  literatures. 

This  paper  presents  the  derivation  of  the  closed  form  solution  of  the  input  impedance  of  2-D  FDTD 
grids  through  Fourier  analysis.  The  analytically  derived  closed  form  solution  of  FDTD  grids  is  verified 
by  numerical  results  from  direct  FDTD  computations. 
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II.  Dcrtvaiioa  of  the  Input  Impedance  of  2-D  FDTD  Grids 

Consider  the  two  dimensional  field  which  is  invariant  in  the  z  direction  and  satisfies  the  following 
Maxwell's  equations: 


a*  ifS 

ir  7{*  nr> 


(i) 


atr,  =  idE. 

dt  y  dy 

dUr  1  BE, 

dt  p  dx 


(2) 

(3) 


For  a  length  d  in  die  z  direction,  define  the  voltage  as  V  =  -  E,  d,  and  the  current  density  as  J, 
*  -  a,  x  H.  A  physical  example  of  this  model  in  electronics  packaging  is  the  case  of  a  power  plane 
above  a  ground  plane  by  a  distance  d,  then  V  represents  the  voltage  between  the  power  and  ground 
planea,  and  J.  is  the  current  density  on  the  power  plane.  By  using  Yee’s  central  difference  schemes,  and 
the  FDTD  grid  size  in  the  x  and  the  y  directions  are  equal  (Ax^Ay-dh),  the  difference 
equations  of  equation  (1)  to  (3)  in  terms  of  the  voltage  V  and  currents  ly-l^dh  are  as  follows: 


vn'i(jc,i )  -  v{k,i)-4§-u;'u\k+i/2,i)-i;'x,1{k-u2'i) 

lZ‘vl(k+l/2,l)  =r;1/2<k+l/2,l)  ~  (5) 

i;,w(*,in/2)=i;-l/2ik,i*i/2)-“[v*(*liri)-r(jt,i)i  (6) 


where  the  suprrscripts  represent  the  time  step,  C  =  e  dft3/d,  L  =  pd,  and  I,  =  dh1  J,. 

Suppose  the  source  current  I,(k,l)  only  exists  at  one  grid  point  where  k = 1—0,  and  denote  1,(0, 0) 
as  Io.  Assume 

Vn(k,l)=V{k,l)e:>aa*t 

I,Vc,X)=Ix<*,X)e*““ 

Iy(k,l)=Iy(k,l)e^M 

T  n  -T  aa  jnuAt 
■*0  -J-0 


Substituting  (7)  into  equations  (4)  to  (6),  ar»u  canceSni 
equations,  wr  get 


-  /  on  sides  of  the 


V(k,l)2jBin^~  +  ^-[Ixlk+l/2,l)-Ix{k-l/2,l) 

I  At x  k=l-0 

+Ir(k, 1+1/2) -I  (k, 1-1/2) ]  =  j  C  0 

7  7  0  k,l* 0 


<8) 
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[V(k+\,l)-V(k,l)\ 


(9) 


/„(*♦!/ 2,1)=- 


2jL  sin 


Iy(k, 1+1/7)  = - SE- —  [y(*,I*l )-?(*,!)) 

2jisin-£|£ 

Substituting  equations  (9)  and  (10)  into  equation  (8),  equation  (8)  becomes 

V{k+l,l)+v(k-l.l)+v(k,l  +  l)+V(k,l-l)-Hl-p2)V(kll)  *  |q° 

where 

p  *  JTZ - -J— 

2Luin(2±±) 

'■  •  -i - ST2-1- 

Define  the  two  dimensional  discrete  Fourier  transform  pair  as: 

m  m 

?<u,v)>£  £  v(k,l)a 

A-  —  1 

it  n 

V(*,I)  =-i-  f  fv(u,v)»*“*eJwdudv 

*n2ii 

After  taking  the  2-D  discrete  Fourier  transform  on  both  sides  of  (11),  we  get 


V(u,v) = 


2cosu+2cosv-4 ( 1 -p2 ) 


then  take  the  2-D  inverse  discrete  Fourier  transform  of  P(u,  v )  , 


V[k,l)  =  — —  f f - - - — dudv 

4rr  J_n{n  2cosu+2cosv-4  { l-p2) 

Therefore,  the  input  impedance  of  the  2-D  FDTD  grid  is  : 
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III.  Numerical  Tests 

The  input  impedance  of  a  2-D  FDTD  grid  can  readily  be  calculated  from  equation  (20)  above  once 
the  FDTD  grid  size  dh  and  the  length  in  the  z  direction  d  are  known.  Figure  1  and  2  axe  the  real  and  the 
imaginary  parti  of  the  input  impedance  for  different  grid  size  dh  when  d  m  1mm  and  the  relative  dielectric 
constant  of  the  medium  c,  *=  4.0.  Curve  1  to  7  in  figure  1  and  2  correspond  to  the  grid  size  dh  of  25,  50, 
100,  200,  400,  800  and  IGOOum  respectively.  The  time  step  At  is  chosen  to  be  0.7 dhJv,  where  v  is  the 
speed  of  light  in  the  medium.  From  figure  1  and  2,  we  can  sec  that  both  the  real  and  the  imaginary  parts 
of  the  input  impedance  increase  with  frequency  in  the  low  frequency  range  (e.g.  0-30  GHz).  The  real 
part  of  the  input  impedance  is  almost  independent  of  the  grid  size  dh  at  low  frequencies,  whereas  the 
imaginary  part  of  the  input  impedance  decreases  with  the  increase  of  the  grid  size  dh. 


Figure  3  and  4  compare  the  input  impedances  computed  from  the  closed  form  solution  and  from 


direct  FDTD  computations.  The  parameters  chosen  for  the  results  in  figure  3  and  4  are:  dh  “  1000/un, 
d  =  150|tm,  t,  *  4.0,  and  At  *  Q.ldhlv.  The  input  impedance  of  die  FDTD  grid  from  direct  FDTD 
computations  is  obtaimd  through  the  following  procedure.  Let  a  current  source  of  Gaussian  waveform 
injected  into  one  grid  point  of  the  FDTD  mesh;  compute  the  transient  solution  of  voltage  at  the  source 
point;  the  input  impedance  is  then  the  ratio  of  the  Fourier  transformed  vohage  and  current.  The  FDTD 
mesh  is  chosen  to  be  sufficiently  Urge  so  that  no  reflection  reaches  the  source  point  before  the  source 
current  and  the  voltage  at  the  source  point  vanish  to  virtually  zero  values.  The  expression  in  equation  (20) 
for  the  input  impedance  of  FDTD  grids  is  verified  by  the  excellent  agreement  between  the  closed  form 
solution  and  the  direct  FDTD  computations,  as  can  be  observed  from  figure  3  and  4. 

The  input  impedance  of  die  FDTD  grid  has  some  ‘abnormal’  behaviors  at  high  frequencies,  which 
do  not  appear  in  die  input  impedance  of  the  physical  structure  for  which  the  FDTD  grid  represents.  This 
can  be  observed  from  figure  5  and  6  which  compare  the  input  impedance  of  the  FDTD  grid  and  that  of 
a  radial  transmission  line  representing  a  pair  of  infinitely  Urge  conducting  planes  separated  by  a  distance 
d.  The  parameters  selected  for  the  results  in  figure  5  and  6  are  the  same  as  those  in  figure  3  and  4.  As 
can  be  seen  from  figure  5  and  6,  in  the  low  frequency  range,  the  real  part  of  Ztmo  converges  to  that  of 
the  radial  transmission  line,  and  the  imaginary  part  of  Z*nm>  U  close  to  that  of  the  radial  transmission  line 
at  the  radius  of  about  one  fifth  of  die  grid  size  dh.  A  resonant  behavior  can  be  observed  from  Zmni  at 
around  32.85GHz,  which  corresponds  to  a  wavelength  of  about  2.84mm  =  2.84 dh.  Considering  the 
numerical  dispersion  of  FDTD  method,  it  can  be  found  that  tor  a  wave  propagating  along  a  grid  axis  and 
of  frequency  52.85GHz,  the  numerical  wavelength  X,  is  actually  twice  of  dh  (note  the  numerical 
wavelength  X,  is  anisotropic)  13]-  Figure  5  and  6  also  reveal  that  the  smallest  wavelength  of  fields 
modeled  by  FDTD  method  needs  to  be  sufficiently  large  compared  to  the  grid  size  dh  to  avoid  significant 
numerical  dispersion  error. 

IV.  Condusioa 

The  closed  farm  solution  of  the  input  impedance  of  2-D  FDTD  grids  has  been  presented  in  this 
paper.  This  closed  form  solution  identically  matches  the  direct  numerical  solution  of  FDTD  method.  The 
availability  of  a  closed  form  solution  of  the  input  impedance  of  FDTD  grid  would  greatly  facilitate  some 
numerical  computations  where  the  knowledge  of  the  input  impedance  of  FDTD  grid  is  desirable  (1-2], 

Acknowledgement 

This  work  is  supported  by  the  National  Science  Foundation  under  contract  MIP-9357561,  and  the 
Integrated  Electronics  Engineering  Research  Center  (1EEC)  at  the  State  University  of  New  York  at 
Binghamton. 

Reference 

[1]  Yuzhe  Chen,  Zhonghua  Wu,  Amit  Agrawal,  Yaowu  Liu  and  Jiayuan  Fang,  ‘Modeling  of  Delta-1 
Noise  in  Digital  Electronics  Packaging’,  accepted  for  presentation  at  the  1994  MCM  Conference, 
Santa  Cruz,  CA,  March  15-17,  1994. 

[2]  Jiayuan  Fang,  Zhonghua  Wu,  Yuzhe  Chen  and  Yaowu  Liu,  "Application  of  the  Finite-Difference 
Time-Domain  Method  in  the  Simulation  of  Detta-I  Noise  in  Electronics  Packaging,'  accepted  for 
presentation  at  the  Tenth  Annual  Review  of  Progress  in  Applied  Computational  Electromagnetics, 
Monterey,  CA,  March  21-26,  1994. 

[3]  Jiayuan  Fang,  Time  Domain  Finite  Difference  Computations  of  Maxwell's  Equations,  Ph.D. 
Dissertation,  University  of  California  at  Berkeley,  Dec.  1989. 


42 


Imaginary  Part  of  Z^m,  (0) 
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Figure  1.  Real  part  of  the  input  impedance  of  2-D  FDTD  grid  for  d  »  lmm,  f,  -  4.0,  and  At  = 
0.7 dhl\.  Curve  1  to  7  correspond  to  grid  size  dh  of  25  ,  50,  100,  200,  400,  800  and 
1600pm  respectively. 


Figure  2.  Imaginary  part  of  the  input  impedance  of  2-D  FDTD  grid  for  d  =  lmm,  t,  -  4.0,  and  At 
-  0.7 dhJv.  Curve  1  to  7  correspond  to  grid  size  dh  of  25,  50,  100,  200,  400,  800  and 
1600pm  respectively. 


Figure  3.  Real  part  of  the  input  impedance  of  2-D  FDTD  grid  for  d  "  150/xm,  e,  =  4.0,  At  = 
0.7 dhlv,  and  dh  =  1000 pm.  The  aoiid  curve  is  from  the  closed  form  expression,  and  the 
dashed  curve  is  from  FDTD  computation. 


Future  4.  Imaginary  part  of  the  input  impedance  of  2-D  FDTD  grid  for  d  =  150pm,  t,  ■>  4,0,  At 
*  0.7 dhly,  and  dh  =  1000pm.  The  solid  curve  is  from  the  closed  form  expression,  and 
the  dashed  curve  is  from  FDTD  computation. 
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Figure  5.  Comparison  of  the  real  part  of  the  input  impedance  of  2-D  FDTD  grid  for  d  m  150pm,  tr 
-  4.0,  At  *  Q.JdhJv,  and  dh  ®  1000pm  (curve  1)  and  the  real  part  of  the  input 
impedance  of  a  radial  transmission  line  at  radius  150pm  (curve  2)  and  200pm  (curve  3). 


Figure  6.  Comparison  of  the  imaginary  part  of  the  input  impedance  of  2-0  FDTD  grid  for  d  = 
150pm,  r,  =  4.0,  At  =  0.7dh/v,  and  dh  =  1000pm  (curve  1)  and  the  imaginary  part  of 
the  input  impedance  of  a  radial  transmission  line  at  radius  150pm  (curve  2)  and  200pm 
(curve  3). 
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Deriving  a  Synthetic  Conductivity  To  Enable  Accurate  Prediction 
Of  Losses  In  Good  Conductors  Using  FDTD 

Kent  Chamberlin  and  Lauchlan  Cordon 
University  of  New  Hampihiie 

Abstract 


FDTD  is  based  upon  the  assumption  that  field  behavior  between  sample  points 
(i.e.,  cell  nodes)  is  linear;  for  propagation  in  lossless  or  low-loss  materials,  the 
assumption  of  linearity  will  be  valid  as  long  as  the  number  of  cells  per  wavelength 
is  kept  above  some  minimum  value.  For  good  conductors,  where  the  wavelength 
decreases  many  orders  of  magnitude  from  its  free-space  size,  and  the  fields  are 
decaying  exponentially,  it  becomes  impractical  to  shrink  the  cell  size  so  as  to 
maintain  linearity  between  cells.  A  consequence  of  using  practical  cell  sizes  when 
modeling  good  conductors  is  that  die  modeled  conductor  impedance  will  typically 
differ  greatly  from  its  actual  impedance,  causing  significant  errors  in  modeled 
reflection  and  transmission.  By  appropriately  adjusting  the  modeled  conductivity, 
which  is  the  approach  detailed  here,  die  modeled  impedance  will  equal  the  actual 
impedance,  resulting  in  accurate  estimates  of  conductor  losses.  This  paper 
describes  the  mathematical  development  of  synthetic  conductivity,  and  validates 
its  accuracy  against  theoretical  data.  The  approach  does  not  require  modifications 
to  the  FDTD  algorithms,  and  does  not  affect  program  execution  time.  Achieving 
accurate  loss  estimates  will  be  of  particular  interest  to  those  modeling  resonant 
structures  using  FDTD. 


introduction 

The  impetus  for  the  work  reported  here  is  to  better  model  radiation  from  computer  enclosures, 
which  exhibit  resonant  characteristics.  When  modeling  enclosures  as  PECs,  the  estimated 
resonant  peaks  were  considerably  higher  than  had  been  measured,  which  prompted  this  study  into 
the  FDTD  modeling  of  good  conductors.  Past  work  with  good  conductors  using  FDTD[1) 
demonstrated  that  realistic  loss  v.lues  can  be  achieved  by  modeling  good  conductors  as  PEC's 
lined  with  a  lossy  material;  the  approach  that  is  presented  here  is  to  calculate  a  new  value  of 
conductivity,  which  will  typically  differ  from  the  actual  conductivity,  that  will  afford  accurate 
model  estimates  of  reflection  from  good  conductors. 

Modeling  Good  Conductors  Using  Synthetic  Conductivity 

As  is  generally  recognized,  FDTD  does  not  correctly  estimate  losses  at  good-conductor 
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boundaries  when  using  actual  conductivity  values.  However,  if  appropriate  conductivity  values 
are  used  in  FDTD  modeling,  accurate  estimates  of  transmission  and  reflection  at  good  conductor 
boundaries  will  be  calculated  The  purpose  of  this  section  is  to  develop  the  mathematics  used 
to  describe  a  synthetic  conductivity  that  is  used  in  place  of  the  actual  conductivity  value  in  FDTD 
modeling.  For  simplicity,  the  development  here  is  performed  in  one  dimension,  although  the 
results  are  readily  applicable  to  two  and  three-dimensional  modeling  as  well  Reducing  one  of 
Maxwell's  equations  in  Cartesian  coordinates  to  one  dimension,  and  orientating  the  coordinate 
system  so  that  the  Poyning  vector  and  electric  and  magnetic  fields  align  with  one  of  the  axes 
yields: 


-BE  -  3//,  dEv  ... 

VxH  =  e—  +  o£  -  — -  -  e— Z  *  o £„  (1) 

dt  dx  dt  y 

To  put  this  equation  of  an  x-traveling  wave  into  finite-difference  form,  the  electric  and  magnetic 
are  generally  staggered  in  space  as  indicated  in  the  figure  below  (the  y  and  i  subscripts  on  the 
fields  have  been  dropped  to  simplify  the  natation): 

E..,n<’-2)  E.unW  E.,m(i+1) 

*  A  i 

<E>  !  ©  ©  1 

H  t (i-3/2  )  H  .(i-1/2  )  H,(i+l/2  ) 

Figure  1  Field  Locations  in  1  -D  FDTD  Formulation. 


The  increment  in  time  is  given  by  n  (i.r,  t  “  nAt)  and  the  increment  in  the  direction  of 
propagation  is  given  by  i  (i.e.,  x  =  iAx)  Using  this  notation,  Equation  (1)  can  be  put  into  finite- 
difference  form.  While  the  finite-difference  approximations  to  the  derivatives  are  determined  by 
the  coordinate  system  and  time  sampling  scheme,  there  is  some  latitude  in  the  calculation  of  the 
conduction  term.  Although  Yee  did  not  explicitly  address  the  calculation  of  conduction  current 
in  his  original  formulation  [2],  a  numbei  of  authors  have  proposed  different  strategies  for  making 
that  calculation;  the  difference  m  those  strategies  relates  to  which  time  mcrement(s)  the  electric 
field  used  to  calculate  the  conduction  current  is  sampled  For  example,  one  approach  is  to  use 
the  average  of  the  present  and  next  electric  fields  to  calculate  conduction  current[3],  using  this 
approach,  the  finite  difference  equation  becomes: 


ff.G +14) -«,((- Vi) 


,  o,_  p  ,n. 


Solving  for  the  updated  electric  field  yields 


(2) 
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In  this  form,  the  coefficient  of  the  present  value  of  the  electric  field  has  a  zero  for  relatively  low 
values  of  conductivity,  for  example,  for  a  one-centimeter  cell,  and  applying  the  Courant 
condition,  a  zero  will  occur  for  a  =  0.92  S/m.  For  greater  conductivity  values,  the  coefficient 
will  become  negative,  causing  the  solution  to  become  unstable.  To  overcome  this  difficulty, 
Luebbers,  el.  n/.[4][S]  suggested  using  the  most  recent  value  of  electric  field  in  computing 
conduction  current  (i.e.,  at  -  aEn  % ).  This  enabled  a  solution  for  a  new  electric  field  value  that 
would  be  stable  for  highly-conducting  materials,  as  given  by: 
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(5) 


Referring  to  Equation  (4),  the  electric  field  at  any  time  can  be  derived  in  terms  of  the  electric  and 
magnetic  fields  at  the  previous  time  interval.  This  equation,  and  a  corresponding  equation 
defining  an  update  for  the  magnetic  field,  make  up  the  foundation  for  many  FDTD  codes,  such 
as  the  one  developed  at  The  Pennsylvania  State  University  [6]  which  was  used  for  the  work 
presented  here,  Consequently,  the  synthetic  conductivity  developed  here  is  applicable  only  to 
FDTD  algorithms  in  the  form  of  Equation  (4)  above,  although  synthetic  conductivities  for  any 
FDTD  implementation  can  be  found  using  the  development  described  here. 

In  a  good  conductor,  aAt »  e,  which  will  cause  the  variable  "a"  in  Equation  (5)  to  be  negligible, 
and  hence  Equation  (4)  will  be  dominated  by  the  adjacent  magnetic  field  terms  (b /Ax  »  a  in  a 
good  conductor),  Further,  if  a  good  conductor  boundary  is  1> .sated  at  (i),  wiih  (i-'/j)  inside  the 
conductor  and  (i  +  Vi)  outside  of  the  conductor,  then  H"(i-‘/>)  will  have  a  magnitude  approaching 
zero.  Using  the  above  assumptions,  the  nexl  value  of  electric  field  on  the  surface  of  a  good 
conductor  can  be  written; 
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In  this  form,  we  can  determine  explicitly  a  wave  impedance  (or  more  accurately  a  wave 
resistance,  since  FDTD  deals  only  with  real  numbers)  which  relates  the  magnitudes  of  the  electric 
and  magnetic  fields: 


.A  At 


(7) 


The  rightmost  equality  is  obtained  by  substituting  for  "b"  using  Equation  (S)  and  by  imposing 
the  Courant  condition  for  the  ratio  between  time  and  distance  step  size.  While  impedance  is 
defined  by  the  relationship  between  quantities  at  a  particular  point.  Equation  (7)  represents  a 
relationship  between  fields  offset  spatially  by  one-half  cell.  This  offset  is  negligible  when 
calculating  impedance  in  this  application,  as  is  shown  at  the  end  of  this  section. 

The  modeled  intrinsic  impedance  (r]KI)Tn)  will  not  in  general  equal  the  actual  intrinsic  impedance 
for  practical  values  of  A/,  because  of  errors  in  the  finite-difference  approximation  to  derivatives 
of  the  fields  near  highly-conducting  boundaries  Further,  because  there  is  no  time  history  used 
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in  deriving  the  modeled  intrinsic  impedance  tor  practical  cell  sizes,  FDTD  solutions  to  wave 
interactions  with  good  conductors  will  not  exhibit  frequency  dependence  (/.«?..  dispersion).  For 
good  conductors  such  as  metals,  oAt  will  be  much  greater  than  t;,  and  Equation  (7)  becomes: 
As  stated  above,  the  objective  here  is  to  better  model  reflection  and  transmission  at  good 
conductor  boundaries  Because  the  reflection  and  transmission  coefficients  are  functions  of  the 
impedances  at  boundaries,  the  modeled  impedances  must  agree  with  the  actual  impedances  at  a 
boundary  In  the  synthetic  conductivity  approach  presented  here,  the  modeled  impedance  at  the 
conductor  surface  is  set  equal  to  the  actual  conductor  impedance  so  as  to  derive  a  conductivity 
value  to  be  used  in  modeling  For  a  good  conductor: 
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Setting  the  real  parts  of  r|l.nTn=  r|  w  and  solving  for  aM)T„  yields 
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As  is  shown  in  the  subsequent  section,  using  the  above  value  for  conductivity  in  FDTD  produces 
results  that  agree  well  with  closed-form  solutions  for  transmission  and  resonance  characteristics. 

As  stated  above,  there  is  a  spatial  offset  between  the  electee  and  magnetic  fields  in  the 
impedance  calculation  of  Equation  (7),  the  electric  field  sample  Is  on  the  boundary,  and  the 

magnetic  field  is  sampled  one-half  cell  from  the  boundary  >nle  the  exact  solution  for 

impedance  would  have  both  sample  points  collocated,  the  offset  in  magnetic  field  has  only  a 
negligible  effect  because  its  change  with  position  is  so  small  in  the  immediate  vicinity  of  a  good 
conductor.  Specifically,  the  worst-case,  spatial  variation  for  this  normal-component  of  magnetic 
field  is  defined  by  H(d)  »  2H'cos(Pd),  where  H'  is  the  incident  magnetic  field,  and  d  is  the 
distance  to  the  conductor  boundary.  The  greatest  electrical  distance  from  the  magnetic  field 
sample  point  to  the  conductor  boundary  will  be  one-twentieth  wavelength  when  observing 
conventional  FDTD  cell  aize.  This  offset  will  cause  the  impedance  calculation  in  Equation  (7) 
to  be  in  error  by  a  factor  of  cos(rc/10)  at  the  highest  frequency  of  interest,  and  will  decrease  for 
lower  frequencies.  The  effect  of  this  offset  can  be  seen  by  a  comparison  of  the  reflection 
coefficient  both  with  and  without  compensating  for  the  spatial  offset: 


r,j  _  Tio-i-TiqTKl-cosfP^-n^cosCPd) 

rc  Ho+Tloq(oos(pd)-l)-T|2«is(Prf) 


where  r(,  is  the  reflection  coefficient  uncompensated  for  the  spatial  offset  (i.c.,  based  upon  the 
impedance  of  Equation  (7)),  l'r  is  the  reflection  coefficient  compensated  for  the  offset,  r|„  is  the 
impedance  of  free  space,  and  T|  is  the  actual  impedance  of  the  conductor.  A  study  of  reflection 
coefficient  error  using  Equation  (1 1)  for  a  worst-case  situation  (a  lead  conductor  and  a  spatial 
offset  of  A/20)  shows  accuracy  to  five  significant  digits  without  compensating  for  the  offset 
Because  of  the  low  error  asssociated  with  the  offset,  the  effect  of  the  offset  was  not  included  in 
the  calculation  of  synthetic  conductivity  presented  here. 

Validation 

To  verify  that  the  approach  For  modeling  good  conductors  presented  here  is  valid,  FDTD  modeled 
results  were  compared  against  both  closed-form  solutions  and  measurements  The  approach  was 
applied  to  the  difficult  task  of  calculating  the  Q  of  a  closed  cavity,  and  was  compared  against 
known  closed-form  solutions.  This  test  was  considered  to  be  the  most  crucial  in  validating  the 
technique,  since  the  estimated  Q's  contain  the  cumulative  errors  from  tens  of  thousands  of 


SO 


reflections  within  the  modeled  cavity,  and  any  error  in  the  modeled  reflection  coefficient  would 
be  multiplied  by  the  number  of  reflections. 

The  interior  dimensions  of  the  cavity  used  for  thi'  facet  of  the  validation  was  31  x  21  x  11  cm, 
and  one  cm5  cells  were  used  in  the  FDTD  model  The  modeled  cavity  was  excited  with  a 
Gaussian  pulse  having  a  temporal  half  width  of  32  time  steps  at  a  single,  perpendicular,  E-fleld 
sample  point  one  cell  from  a  comer  on  a  31  x  21  cm  side,  the  source  was  comprised  of  an 
infinitesimally-thin,  one-cclt  long,  PEC.  The  E-field  monitor  point,  used  to  estimate  resonant 
behavior,  was  at  the  center  of  the  side  opposite  the  excitation  source.  The  excitation  point  was 
selected  so  as  to  excite  all  the  cavity  modes  within  the  usable  frequency  range  of  the  model, 
while  introducing  only  minimal  shift  in  the  resonant  frequencies.  The  monitor  point  did  not 
constitute  a  physical  object  within  the  modeled  cavity,  and  its  placement  was  arbitrary 
Comparisons  of  modeled  and  theoretical  resonances  were  made  for  the  TE,,„  mode,  and  hence 
the  TE10|  frequency  was  used  to  calculate  the  model  parameters  for  the  approaches  presented 
here. 

The  FDTD  model  was  run  until  significant  transients  had  died  out,  taking  slightly  over  a  million 
time  steps  for  the  lowest  conductivity  investigated,  and  over  two  million  time  steps  for  the 
highest  conductivity.  After  the  FDTD  model  was  run,  an  FFT  was  performed  on  the  time-domain 
data  to  obtain  the  resonance  frequency  spectrum,  where  the  resonant  frequencies  and  their 
associated  Q's  were  calculated  using  cubic-spline  interpolation. 

The  theoretical  values  of  resonant  frequency  and  Q  for  a  lossy  rectangular  cavity  are  given  in 
Harrington(7]  or  Balanis  [8],  It  should  be  noted  that  the  closed-form  solutions  themselves  are 
approximations,  since  they  were  developed  using  the  assumption  lhat  the  field  distribution  for 
finitely-conducting  walls  would  be  the  same  as  for  perfectly-conducting  walls. 

A  comparison  of  theoretical  data  and  modeled  data  obtained  using  the  synthetic  conductivity 
approach  is  given  in  Table  I  for  a  range  of  conductivity  values. 
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Table  1  Theoretical  and  FDTD-Modeled  TE,„,  Data  For  A  Rectangular  Cavity  Using  The 
Synthetic  Conductivity  Approach  For  A  Range  of  Conductivity  Values 
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Creating  FDTD  Models  of  Aircraft  with  GWTOFDTD 
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A/>s/rac/-GWTOFDTD  is  an  interactive  graphics  program  which  allows  the  user  to  convert  a  wire-grid 
model  of  a  complex  object  such  as  an  aircraft  to  a  ceil  model  suitable  for  input  to  a  finite-difference 
time-domain  program.  The  user  selects  a  cell  size,  and  GWTOFDTD  displays  a  cross-section  of  the 
aircraft  superimposed  on  the  cell  space  in  a  piane  through  the  centers  of  the  cells.  The  user  fills  cells 
interactively  with  the  mouse.  The  program  displays  cross-sections  in  sequence  rrom  tail  to  nose  of  the 
aircraft  for  a  systematic  derivation  of  a  complete  cell  model.  This  paper  describes  the  GWTOFDTD 
program  and  its  use  in  developing  a  model  of  a  small  aircraft.  The  radar  cross-section  for  the  aircraft 
computed  with  FDTD  is  compared  with  results  obtained  by  wire-grid  modelling. 


Introduction 

Yee's  Finite-Difference  Time-Domain(FDTD)  method!  1,2]  subdivides  a  finite  volume  of  space 
into  A',  by  Nt  by  Nt  "cells",  each  of  size  A*  by  Ay  by  Aa .  To  calculate  the  radar  cross-section(RCS)  of 
a  perfectly-conducting  scattering  object  such  as  the  "Navajo"  aircraft  of  Fig.  1,  each  cell  in  the  cell  space 
must  be  designated  to  be  either  a  "frce-space"  cell  ora  "perfectly-conducting"  cell;  the  result  is  a  "building 
block"  model  or  "cell"  model  of  the  object,  such  as  that  in  Fig.  2.  Curved  surfaces  arc  represented  by  a 
"staircase"  approximation.  In  recent  yean  FDTD  has  been  used  to  compute  the  RCS  of  "canonical" 
objects  such  as  spheres[3,4],  strips,  rods  and  cylinden[5]  with  excellent  agreement  with  both  wire-grid 
computations  and  with  the  measured  RCS. 

Toconstruct  an  FDTD  model  of  a  complex  object  such  as  the  small  aircraft,  we  must  decide  whether 
each  cell  should  be  "filled",  that  is,  designated  perfectly-conducting,  or  should  be  free-space.  This  is 
done  by  examining  the  portion  of  the  cell  which  lies  inside  the  volume  of  the  aircraft.  The  cell  is  filled 
if  enough  of  its  volume  lies  inside  the  perfectly-conducting  surface.  Rules  of  thumb  exist  for  deciding 
whether  to  fill  a  cell.  In  modelling  a  sphere,  Luebbers  maintains  the  surfaces  of  the  filled  cells  inside  the 
surface  of  the  sphere[6].  In  modelling  rods  of  square  cross-section,  it  was  found  that  the  effective  position 
of  the  surface  of  the  cell  model  of  the  rod  is  1/4  cell  outside  the  surfaces  of  the  filled  cells|7,8J;  hence 
the  cells  appear  to  be  larger  than  Ax  by  Ay  by  Ar . 

The  radar  cross-section(RCS)  of  complex  objects  such  as  the  small  aircraft  is  often  computed  by 
the  "moment  method"[9],  A  reliable  technique  represents  the  aircraft  with  a  wire-grid  model]  10]  such 
as  that  shown  in  Fig.  1,  and  then  calculates  the  currents  flowing  on  the  wires  with  the  Numerical  Elec¬ 
tromagnetics  Code(NEC)[  11].  Indi  cd,  wire-grid  representations  for  many  types  of  aircraft  arc  available. 

Tills  paper  presents  a  program  called  GWTOFDTD  which  takes  advantage  of  the  availability  of 
wire-grid  models  of  aircraft  to  derive  FDTD  "cell"  models.  The  GWTOFDTD  program  draws  the  aircraft 
cross-section  superimposed  on  the  cell  space  through  the  cell  centers,  as  shown  in  Fig.  3.  The  aircraft 
cross-section  is  derived  from  the  coordinates  of  wire  endpoints  in  the  wire-grid  model  input  file.  The 
user  generates  a  staircased  approximation  to  the  cross-section  by  "filling"  cells  interactively  with  the 
mouse.  Note  that  the  program  does  not  attempt  to  automatically  "translate"  the  wire-grid  into  an  FDTD 
cell  model.  For  each  cross-section  the  program  generates  an  initial  guess  at  which  cells  to  fill;  then  the 
user  is  required  to  interact  with  the  program  by  modifying  cells  on  the  boundary  of  the  cross-section,  as 
discussed  below. 
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Fig.  1  A  wire-grid  model  of  the  Navajo  aircraft.  Fig.  2  A  "cell  model"  of  the  Navajo  for  input  to  the 

FDTD  program 

This  paper  briefly  describes  the  operation  of  GWTOFDTD  program  and  how  it  is  used  to  derive 
a  "cell  model”.  Toexplore  the  accuracy  of  FDTD  computations,  the  RCS  of  a  "generic  aircraft"  computed 
with  FDTD  is  compared  with  wire-grid  computations  and  measurements,  and  the  RCS  of  the  Navajo 
aircraft  is  compared  with  wire-grid  computations. 


The  GWTOFDTD  Program 

The  GWTOFDTD  program  assists  the  user  in  deriving  a  "cell"  model  of  an  aircraft,  such  as  that 
in  Fig.  2,  from  a  wire-grid  model  like  that  Shown  in  Fig.  1 .  The  starting  point  is  an  input  file  for  the  NEC 
program  describing  the  wire-grid  model  wire-by-wire  with  "GW  cards"!  1 1].  The  radius  of  each  wire  in 
the  grid  is  derived  by  running  the  program  called  MESHES  to  obtain  a  "meshes"  file  from  the  GW  card 
file[12].  The  "meshes"  file  describes  the  surface  of  the  aircraft  in  terms  of  "mesh  cells"  bounded  by  wires 
of  the  grid,  and  is  used  by  program  FNDRAD  to  obtain  a  radius  forcach  wire  according  to  the  "equal-area 
rule"[12].  The  comers  of  a  mesh  cell  are  wire  endpoints  in  the  wire-grid  model.  The  GW  card  file  plus 
the  "meshes"  file  form  the  input  to  GWTOFDTD. 

Developing  a  cell  model  begins  by  selecting  the  cell  size  for  the  FDTD  grid.  The  maximum 
permissible,  cell  size  is  one-tenth  of  the  wavelength  at  the  highest  frequency  at  which  the  RCS  must  be 
computed.  Often,  a  much  smaller  cell  size  is  chosen  to  obtain  greater  fidelity  ir,  the  geometrical  repre¬ 
sentation.  The  cell  model  is  derived  by  subdividing  the  aircraft  into  slices  one  cell  thick  in  vertical  planes 
perpendicular  to  the  fuselage  axis.  The  GWTOFDTD  program  aids  the  user  in  determining  which  cells 
in  each  cross-sectional  slice  must  be  filled  to  best  represent  the  aircraft  shape. 

GWTOFDTD’s  main  menu  shows  the  overall  length  of  the  aircraft  in  metres,  the  total  number  of 
cross-sections,  the  number  of  the  cross-section  currently  being  created  and  its  position  axially  along  the 
aircraft.  Deriving  the  cell  model  proceeds  by  displaying  the  aircraft  cross-sectional  slices  one-by-one, 
from  tail  to  nose,  and  filling  cells  to  represent  the  aircraft  shape  in  each  cross-section.  The  principal 
choices  offered  are:  create  the  cell  model  for  a  given  cross-section;  edit  a  cross-section  previously  created; 
go  on  to  the  next  cross-section  in  sequence;  or  exit,  saving  the  partially-completed  model  so  that  the 
session  can  be  resumed  later.  When  the  full  aircraft  has  been  modelled,  the  user  tells  the  program  to 
create  a  "build  file"  which  forms  the  input  for  the  FDTD  program  itself. 


Modelling  Each  Cross-Section 

For  each  cross-sectional  slice  through  the  aircraft,  the  GWTOFDTD  program  draws  the  cells  and 
superimposes  on  them  the  cross-section  of  the  aircraft  itself,  as  shown  in  Fig.  3.  The  program  approximates 
the  aircraft  cross-section  by  considering  each  "mesh"  in  the  wire  grid  to  be  a  solid  plate.  The  intersection 
of  these  "mesh  plates"  with  the  cross-scctional  plane  is  drawn  on  the  screen  to  represent  the  cross-section 
of  the  aircraft.  This  provides  interpolation  between  the  specific  wire  endpoints  that  are  present  ir.  the 
wire-gridmodel,  which  are  usually  much  farther  apart  than  one  cell  thickness.  To  generate  the  cell  model, 
the  user  interacts  via  the  mouse  to  select  which  cells  should  be  filled  with  perfectly-conducting  material. 


Fig.  3  A  cross-section  of  the  wire-grid  model  superimposed  on  a  cross-section  of  the  FDTD  cell  space. 

The  program  starts  the  process  with  a  "gross  fill" 
in  which  any  cell  which  is  touched  by  the  metallic  skin 
of  the  aircraft  is  filled.  The  mouse  is  used  to  refine  the 
representation.  The  left  mouse  button(LM)  always 
returns  to  the  main  menu.  The  centre  mouse  but- 
ton(CM)  is  used  to  fill-in  regions  which  are  inside  the 
fuselage,  hence  completely  surrounded  with  filled  cells 
by  the  "gross  fill"  step.  Position  the  mouse  on  an  empty 
cell  that  lies  within  the  aircraft  fuselage  and  press  CM; 
the  program  fills  in  cells  in  all  directions  until  a 
previously-filled  cell  is  found.  If  CM  is  accidentally 
pressed  on  a  cell  outside  the  aircraft,  the  program  fills 
all  the  cells!  Pressing  CM  again  "undoes"  the  fill 
operation  so  it  is  easy  to  recover  from  this  common 
error.  The  right-mouse  button(RM)  is  used  to  toggle 
individual  cells  to  be  filled  or  empty. 

To  refine  a  given  cross-section,  it  is  useful  to  see 
the  "effective"  position  of  the  surface,  considered  to  be 
one-quarter  of  a  cell  outside  the  surface  of  the  filled 
cells[8].  This  is  not  easily  seen  on  a  full  cross-section 
such  as  Fig  3  The  blowup  option  on  the  main  menu  Fig.  4  An  enlargement  ofpart  of  the  cross-section 
permits  zooming  on  parts  of  the  cross-section.  The  of  Fig.  3  showing  the  quarter-cell  margin 

mouse  is  used  to  outline  a  small  region  of  the  cross-  as  a  dashed  line, 

section  with  a  rectangular  "cursor  box",  then  to  "zoom  ...  , ,,  ,,  . 

in"  to  make  that  region  fill  the  entire  screen,  as  in  Fig.  4.  A  dashed  line  is  drawn  1/4  cell  away  from  the 
surfaces  of  the  "filled"  cells  to  aid  the  user  in  visualizing  the  effective  position  of  the  surface  of  the  FDd  D 
cell  model  relative  to  the  actual  surface  of  the  aircraft.  The  RM  button  is  used  to  fill  or  empty  individual 
cells  so  that  the  dashed  line  is  a  reasonable  approximation  to  the  actual  aircraft  cross-section,  represented 
by  the  heavy  solid  line. 


Drawing  the  Aircraft  in  Three  Dimensions  , 

Once  the  user  is  satisfied  that  each  cross-section  of  the  cell  model  is  the  best  fit  to  the  actual  aircratt 
shape,  the  program  is  used  to  create  a  "build  file",  which  is  the  input  file  to  the  FDTD  code  itself.  Drawings 
of  the  three-dimensional  cell  model  with  hidden-line  removal,  such  as  Fig.  2,  are  obtained  by  running 
the  program  "BLDMVI"  to  convert  the  "build  file"  format  to  one  that  can  be  understood  by  program 
"H1DNMOD".  HIDNMOD  produces  drawings  such  as  that  in  Fig.  2,  showing  groups  of  filled  cells  as 
solid  boxes.  The  model  can  be  viewed  from  any  angle,  and  paper  hard-copics  of  the  pictures  can  be 
made. 
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Fig.  5  The  dimensions  of  the  generic  aircraft.  Fig.  6  The  "cell  model"  of  the  generic  aircraft. 

The  Generic  Aircraft 

Fig.  5  gives  the  dimensions  of  a  simple  aircraft-like  structure  called  the  "generic  aircraft",  which 
is  shown  in  Fig.  6.  To  model  the  generic  aircraft  with  FDTD,  the  cell  size  was  set  to  0.24  m,  so  that  the 
thickness  of  the  strips  from  which  the  structure  is  made  equal  to  one  cell  width.  The  fuselage  length  of 
30  m  is  125cclls.  The  wingspan  of  15.62m  is  very  close  it>65  cells.  The  height  of  the  strip  representing 
the  fu  .clagc  is  3.46  m,  or  14.4  cells,  and  was  modelled  with  14  cells.  The  height  from  the  bottom  of  the 
fuselage  to  the  top  of  the  dorsal  was  represented  with  38  cells  making  the  overall  height  9. 1 2  m  compared 
to  the  actual  value  of  9.08  m  in  Fig.  5.  Note  that  these  choices  ignore  the  result[8]  that  the  effective 
location  of  the  surface  is  about  1/4  of  the  cell  size  away  from  the  surfaces  of  the  cells. 

To  obtain  the  RCS.  the  generic  aircraft  was  illuminated  with  a  plane  wave  incident  nose-on,  with 
the  electric  field  vector  oriented  vertically,  parallel  to  the  dorsal  fin.  The  incident  waveshape  was  a 
Gaussian  pulse  of  width  chosen  to  limit  the  energy  content  to  frequencies  below  that  which  makes  the 
cell  size  X/10[2,5],  which  is  125  MHz  for  0.24  m  cells.  The  aircraft  was  separated  from  the  Liao 
second-order  absorbing  boundary[13,14]  by  19  cells  of  free-space  on  all  sides.  The  time  step  was  set 
equal  to  the  Courant  limiti2,5],  and  the  FDTD  computation  was  run  for 4096  time  steps.  The  backscattercd 
field  in  Fig.  7  shows  that  this  number  of  time  steps  is  sufficient  to  trace  the  response  to  zero.  The  Fourier 
transform  of  the  backsca’tcred  field  and  of  the  incident  Gaussian  pulse  were  found  to  determine  the  radar 
cross-section,  which  is  shown  by  the  solid  curve  in  Fig.  8,  in  comparison  to  the  wire-grid  computation 
and  to  the  measured  RCS[15], 

Fig.  8  shows  quite  good  agreement  between  the  three  curves  up  to  about  20  MHz.  The  low  frequency 
behavior  of  the  RCS  is  strongly  influenced  by  the  resonances  of  the  aircraft  geometry.  A  useful  estimate 
of  the  airframe  resonance  frequencies  was  obtained  in  Kef.  [  15]  by  setting  the  length  of  a  resonant  path 
equal  to  0.4  of  the  free-space  wavelength.  With  this  estimate,  a  path  including  the  length  of  the  fuselage 
and  the  height  of  the  dorsal  fin  is  expected  to  be  resonant  at  about  3.4  MHz,  and  a  path  including  one 
wing,  the  fuselage  from  wing  to  tail,  and  the  dorsal  fin  is  resonant  at  about  4.9  MHz.  Fig.  8  shows  that 
the  I'DTD  computation  has  a  maximum  in  the  RCS  at  about  3.3  MHz,  and  a  sharp  minimum  at  4.1  MHz, 
which  is  less  deep  in  the  FDTD  computation  at  -39.6  dB  than  it  is  in  the  wire-grid  computation,  where 
it  is  -41.4  dB.  The  aircraft  RCS  rises  rapidly  to  a  maximum  of  0.89  dB  in  the  FDTD  computation  at  1 1 .0 
MH z,  compared  to  0.39  dB  at  10.9  MHzinthe  wire-grid  computation.  This  frequency  roughly  corresponds 
to  the  lowest  resonant  frequency  of  a  "dorsal  strip"  of  width  3.27  m  and  height  9.08  m[15].  At  higher 
frequencies,  above  20  MHz,  the  agreement  between  the  wire-grid  model  and  the  measurement  is  fair, 
whereas  the  agreement  with  the  FDTD  computation  is  good.  The  RCS  above  20  MHz  has  a  series  of 
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maxima  and  minima  which  are  associated 
with  the  interference  of  the  scattered  field 
from  the  nose  of  the  aircraft  and  from  the 
taill  15]. 


Modelling  the  Navajo  Aircraft 

Tlie  Navajo  is  a  smaller  aircraft  that 
the  "generic  aircraft"  discussed  above.  Its 
length  is  10.55  m  from  the  nose  to  the  tip 
of  the  tail,  and  its  wingspan  is  12.40  m.  The 
height  from  the  bottom  of  the  fuselage  to 
the  top  of  the  dorsal  fin  is  3.12  m.  The 
wire-grid  model  of  the  Navajo  was 
designed  to  obtain  useful  information  to  a 
frequency  of  about  55  MHz.  The  Navajo  is 
a  much  move  complex  shape  than  the 
generic  aircraft.  The  GWTOFDTD  pro¬ 
gram  was  used  to  convert  the  wire-grid  to 
an  FDTD  cell  model,  one  cross-section  at  a 
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Fig.  7  The  backscattered  field  from  the  generic  aircraft. 


time  from  tail  to  nose  as  discussed  above. 

The  "quarter-cell  margin"  rule  was  respected  in  generating  the  model.  The  cell  size  was  set  to  0.2  m,  so 
tha.  the  cells  are  smaller  than  one-tenth  wavelength  to  150  MHz,  Fig.  9  compares  the  top  view  and  side 
view  of  the  cell  model  to  the  wire-grid  model,  showing  that  reasonable  fidelity  was  obtained.  The  leading 
edge  of  the  wing  of  the  cell  model  is  further  forward  than  it  should  be;  this  would  be  corrected  in  a  revision 
of  the  model.  The  propcllors  were  omitted  from  the  cell  model. 


Frequency  (MHz)  SJST.iS 


Fig.  8  Comparison  of  the  RCS  of  the  generic  aircraft  computed  with  FDTD  with  that  computed  with 
wire-grid  modeling,  and  with  the  measured  RCS. 
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The  RCS  of  the  Navajo  was  com¬ 
puted  by  using  a  Gaussian  pulse  plane  wave 
to  illuminate  the  aircraft  nose-on,  with  the 
electric  field  vertically-oriented  as  before. 
Fig.  10  shows  the  time  response,  which  was 
computed  to 4096  time  steps,  is  zero  beyond 
about  2000  time  steps.  Fig.  1 1  compares 
the  RCS  obtained  from  the  FDTD  compu¬ 
tation  with  that  obtained  by  wire-grid 
modelling.  In  the  wire-grid  computation, 
the  RCS  rises  rapidly  to  a  peaic  at  about  9.3 
MHz,  then  has  a  sharp  minimum  at  13.8 
MHz  at  -66.8  dB.  The  FDTD  computation 
has  a  modest  minimum  at  about  1 1 .6  MHz 
at  -45.8  dB,  then  rises  following  the  wire- 
grid  response  quite  well  to  the  broad  max¬ 
imum  at  about  29.4  MHz.  The  deep  notch 
in  the  RCS  at  11.8  MHz  is  associated  with 
a  long  resonant  path  on  the  aircraft.  The 
longest  path  on  the  Navajo  includes  a  wing, 
the  fuselage  from  wing  to  dorsal,  plus  the 
dorsal  fin,  its  length  of  13.16  m  is  half  a 
wavelength  at  about  11.4  MHz.  The 
wingspan  of  1 2.4  m  is  resonant  at  about  1 2. 1 
MHz,  but  the  wing  is  almost  perpendicular 
to  the  orientation  of  the  electric  field  and  so 
is  weakly  excited.  A  path  including  the 
whole  fuselage  and  the  dorsal  is  of  length 
1 1.5  m,  and  is  estimated  to  be  resonant  at 
13.0  MHz.  Thus  the  notch  at  1 1  8  MHz  is 
likely  to  be  associated  with  a  wing- 
fuselage-dorsal  path. 

Above  20  MHz,  the  Navajo  RCS  rises 
to  a  "corner  frequency”  of  about  30  MHz. 
Above  this  frequency  the  FDTD  computa¬ 
tion  has  a  modest  minimum  at  39  MHz  and 
a  broad  maximum  at  53  MHz,  whereas  the 
wire -grid  computation  has  a  minimum  at  37 


MHz,  a  maximum  at  41  MHz,  a  deeper  Fig.  9  Comparison  of  the  '  cell  model"  of  the  Navajo  with 
minimum  at  46  MHz,  and  a  broad  maxi-  the  wire-grid  model, 
mum  at  56  MHz.  To  verify  that  the  pro- 

pellors  do  not  have  a  signficant  effect  in  this  frequency  range,  the  wire-grid  computation  was  repeated 
with  no  propellers,  and  little  change  was  seen.  FDTD  obtains  the  RCS  to  150  MHz  but  the  data  has  not 
been  shown  because  there  is  no  curve  available  for  comparison. 


Conclusions 

The  GWTOFDTD  program  is  an  interactive  graphical  aid  for  the  conversion  of  a  wire-grid  model 
ot  an  aircraft  into  an  FDTD  cell  model".  The  user  chooses  a  cell  size,  and  then  the  program  draws  a 
cross-section  of  the  cell  space  with  the  cross-section  of  the  wire-grid  superimposed;  the  user  points  with 
the  mouse  to  ’fill"  cells  to  best  represent  each  cross-section.  The  cell  model  is  only  as  accurate  geo¬ 
metrically  as  the  underlying  wire-grid.  Better  geometrical  fidelity  could  be  obtained  by  modifying  the 
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program  to  accept  an  industry-standard  description  of  the  aircraft  shape  using  many,  many  points  on  the 
surface.  This  has  not  been  done  here  because  such  comprehensive  geometrical  descriptions  are  simply 
not  generally  available. 

This  paper  has  compared  the  RCS 
computed  with  FDTD  with  reference  data 
for  two  cases.  The  simple  "generic  aircraft" 
geometry  can  he  represented  accurately 
with  an  FDTD  cell  model.  But  the  RCS 
does  not  agree  as  well  as  might  be  expected 
with  the  measured  RCS,  nor  with  that 
computed  by  wire-grid  modelling.  The 
more  complex  geometry  of  the  Navajo 
aircraft  requires  the  power  of  the 
GWTOFDTD  program  to  obtain  a  reason¬ 
able  cell  representation.  The  RCS  shows 
disagreement  with  the  wire-grid  computa¬ 
tion  in  the  frequency  range  where  the 
fundamental  resonances  of  the  airframe  are 
expected,  as  well  as  at  higher  frequencies. 

These  differences  will  be  explored  in  the 
oral  presentation. 

Fig  10  The  backscattered  field  from  the  Navajo  aircraft. 
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Higb  Order  F.D.T.D.  Algorithm  to  Reduce  Numerical  Dispersion  and  Staircasing 

Thierry  DEVEZE 

DASSAULT  ELECTRONIQUE,  Departement  Hyperfrequences 
55,  Quai  Marcel  DASSAULT,  92214  St  Cloud 
FRANCE 

Developped  by  YEE[1]  in  1966,  the  FDTD  algorithm  has  been  widely  used  in  a  large  variety  of 
electromagnetic  applications.  The  YEE's  scheme  is  based  on  the  approximation  of  differential  operators 
by  second  order  centered  Taylor's  expansion,  both  in  time  and  space  (the  so  called  2x2.  scheme). 
Simplicity  is  the  main  advantage  of  the  method  and  it  enables  to  handle  computations  on  large  complex 
structures.  This  powerful  tool  has  nevertheless  some  drawbacks.  The  second  order  central 
approximation  leads  to  numerical  dispersion  that  affects  the  accuracy  of  the  solution.  The  stair  case 
modeling  may  not.  fit  properly  the  geometry  of  the  structure.  Some  authors  have  found  different 
solutions  to  conform  the  mesh  to  the  geometry  of  the  structure  under  study.  HOLLAND[2],  among 
others,  has  proposed  a  curvilinear  version  of  the  cartesian  YEE’s  algorithm.  Recently,  TAFLOVE[3]  and 
al.  have  exposed  a  contour  path  approach.  These  methods  largely  reduce  the  staircase  modeling  but 
increase  the  numerical  dispersl  i.  To  reduce  this  drawback,  a  higher  order  FDTD  scheme  is  proposed 
After  deriving  the  general  formulation  at  the  order  N,  it  appears  that  the  fourth  order  schemes  give  the 
best  choice  for  the  ratio  :  complexity  over  dispersion  performance.  The  purpose  of  this  paper  is  to  build 
a  fourth  order  scheme  that  can  reduce  the  numerical  dispersion  and  take  into  account  the  curved  shape 
of  the  structure  under  study. 


The  free  space  case 


The  Maxwell’s  equations  system  in  free  space  is  hyperbolic  and  is  based  on  first  degree  differential 
operators  over  time  and  space.  The  centered  Taylor's  expansion  gives  directly  the  second  order 
discretisation. 

Order  2  in  space 

(1) 

A r 

Order  4  in  space 

(2)  MsV) -ggfcdc + 

8  Ar  24  A r 

Equation  (2)  is  obtained  by  a  linear  combination  of  two  central  differentiations  around  r ,  one  with  a  step 
Ar  and  the  other  with  2Ar  This  procedure  eradicates  the  third  degree  derivation  term  the 
TAYLOR's  expansion. 

Order  2  in  tune 

ff-CQ-EV) 

A/ 


(3) 


d,E  2(r)- 


'  +  0(  A/:) 
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Order  4  in  time 

The  method  used  for  the  fourth  order  discretisation  in  space  cannot  be  applied  to  the  time  derivatives 
because  it  leads  to  a  5  time  steps  scheme  which  is  not  stable.  By  employing  the  so  called  "Modified 
Equation  Method"  proposed  by  JOLY  and  COHEN[4]  for  the  acoustic  wave  equation,  it  is  possible  to 
convert  the  third  degree  time  derivation  by  a  combination  of  spatial  operators.  This  conversion  is  done 
by  replacing  the  MAXWELL'S  equations  in  the  third  degree  derivation  term  [5]  As  an  illustration  of  this, 
the  TAYLOR's  expansion  of  the  Ex  component  is  given  by  : 

(4)  s,  jC®  (r)  -  E‘  ir)'E^  -  ~  d?E/  (r)  +  0(  M* ) 

AJ  L** 

With  the  constant  constitutives  of  free  space  :  (the  permittivity,  e-eO  ,  the  permeability,  p-pO,  and  the 
velocity  of  light  C),  the  third  degree  term  has  the  following  form  ; 
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(5)  j_  /r^(.4.,.L*4)-//^(.4.j.i.t-i) 

Ay  +<®(.4.;-i.*4)-tfr^-4 -  ■•*4). 

This  gives  a  3  time  steps  scheme  with  25  spatial  nodes. instead  of  5  for  the  2x2.  The  difference  of  spatial 
extension  is  shown  in  figure  1  a)  for  the  2x2  scheme  and  in  figure  l.b)  for  the  4x4.  In  equation  (5),  the 
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discretisation  of  the  spatial  differentiations  are  written  only  at  the  second  order  which  is  sufficient  to 
ensure  the  fourth  order  in  (4)  because  (5)  is  multiplied  by  At2.  Ail  the  nodes  involved  in  the  formulation 
of  the  Ex  node  already  exist  in  the  regular  2x2  FDTD  mesh.  No  extra  memory  storage  is  required.  The 
number  of  computing  operations  is  increased  by  4,  but  the  dispersion  analysis  shows  th:  t,  for  the  same 
degree  of  accuracy,  the  spatial  step  is  at  least  twice  larger  for  the  4x4  scheme  than  the  2x2.  This 
results  in  a  factor  8  (in  3D)  of  computer  memory  saving  and  a  factor  4  in  computational  speed  because 
the  time  step  is  also  twice  larger. 

The  Stability 

The  stability  criteria  of  the  2x2  and  the  4x4  (free  space)  schemes  are  the  same.  The  Von  NEUMANN 
method  has  been  used  to  derive  the  criteria  of  the  fourth  order  heterogeneous  space  schemes. 

The  Numerical  Dispersion 

The  dispersion  of  the  numerical  solution  over  the  frequency  variable  strongly  depends  on  the  preci:  >on 
over  the  time  differentiations.  The  anisotropy  of  the  numerical  mesh  lays  mainly  on  the  accuracy  over .  he 
the  spatial  derivatives.  The  figures  2,a)  and  2.b)  illustrate  the  anisotropic  behavior  of  the  2x2  and  4x4 
schemes.  A  line  source, located  at  (25Ax,25Ay  ),  in  a  2D  computational  domain  ,  generates  a  sinusoidal 
wave.  The  zero  isovaiue  curves  give  the  wave  front  aspect  which  should  be  cylindrical.  The  darkened 
areas  indicate  the  differences  between  the  computed  wave  front  and  the  exact  circular  one.  A  coarse 
space  discretisation  of  A-X/3.3  emphasizes  the  phenomena.  The  derivation  of  the  dispersion  for  each 
scheme  allows  a  comparison  of  their  capabilities  in  the  case  of  a  cubic  cell  meshing  (Ax=-Ay“Az-2.C.At). 
The  numerical  dispersion  is  null,  in  free  space,  when  vgroup/Ol  (Vgroup  :  Group  velocity  in  the  mesh), 
This  rate  is  plotted  in  figure  3)  for  the  two  directions  of  propagation  which  correspond  to  the  extrema  of 
isotropy.  For  a  discretisation  rate  of  K/8,  the  worst  angle  with  the  4x4  scheme  gives  better  results  than 
the  best  angle  of  propagation  in  the  2x2  scheme  The  2x4  scheme  generates  a  non  physical  value  of  the 
group  speed  (Vgroup>C). 

The  stair  case  problem. and  the  heterogeneous  formulation 

The  free  space  formulation  using  (2)  and  (4)  is  non  longer  applicable  to  the  computation  of  a  node  in  the 
vicinity  of  an  interface  for  3  reasons.  l.The  spatial  extension  of  the  computational  molecule  (figure  l.b) 
may  imply  the  use  of  nodes  located  behind  interfaces.2.  If  the  electric  conductivity  a  and  the  magnetic 
resistivity  p  are  taken  into  account  then  "the  modified  equation  method"  results  in  an  implicit  scheme. 
The  method  used  to  derive  the  4x4  scheme  does  not  reduce  the  stair  case  modeling  problem. 

The  solution  proposed  here  is  based  on  the  idea  that  the  electromagnetic  field  is  numerically 
differentiated  in  a  constant  steps  computational  mesh  and  the  constitutive  functions  (E,g,o,p)  analytically 
derived.  The  AMPERE'S  and  the  FARADAY's  laws  are  the  starting  points  of  this  approach.  The 
projection  of  the  AMPERE'S  law  on  a  plane  z=constant  (6)  is  used  as  an  illustration. 

(6)  jja.dx.dy-  jfj  d[  ,  where  £2  is  a  the  square  surface  Ax.  Ay  and  d  £2.  its  closed  contour. 

u,  A  u, 

(7)  a  -  ed,£.  +  u  £. 
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Talcing  the  3D  TAYLOR's  expansion  of  H  and  a.  in  (6),  a  representation  of  the  MAXWELL-AMPERE 
equation  is  obtained  at  the  Order  N 


(8) 


AxV'fAvV’  fAxVYAy 

y  y  ^  2  /  \  2  J  3  *a  -  y  y  v2  i  l-li— fa  2^'d  mh  -a  ipd  m*h  1 
"*  ££(2,,  +  l)KV'l)ll  '  '  '  ‘  y 


Order  2  (N-0) 


(9)  a,  -d,Hy-  dyH,  +  0(Ax3,  &y)-bxHy-  f>yH, 

This  is  the  classical  form  given  by  the  limit  A,,  A,  -*  0,  where  6  stands  for  the  numerical  second  order 
differentiation  operator  as  for  the  following  example  : 
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Order  4  (N~l) 
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A  second  order  discretisation  is  sufficient  for  the  partial  derivatives  in  (1 1),  because  they  are  multiplied 
by  A3.  Equation  (11)  shows  some  spatial  derivatives  over  the  Ez  field  component  and  over  the  electric 
constitutives  c  and  a .  This  feature  enables  the  introduction  of  the  local  rales  and  curvatures  of  variation 
of  e  and  a .  These  local  variations  do  not  have  a  step  profile  but  a  smooth  cubic  one.  By  a  proper  choice 
of  the  coefficients  of  the  cubic  polynomial,  it  possible  to  impose  the  real  location  of  an  interface 
intersecting  the  computational  molecule.  The  larger  the  order  N  is,  the  better  the  geometrical 
rpproximation  is,  but  the  heavier  the  formulation  becomes. 


The  heterogeneous  media  formulation 


The  second  order  case  is  given  by  the  classical  following  form  of  (9) 
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The  fourth  order  spatial  discretisation 

The  Spatial  Correction  Term  is  given  in  (11)  and  can  be  re-written  as  follow  : 

(16)  SCT  -  (Ax' d*  +  Ay* B* )[a  E?'1  - 0  £7 ] 

The  partial  derivatives  are  evaluated  numerically  for  the  Ez  nodes  and  analytically  for  a.  and  (J. 

(1 7)  d/(ot  £"4' )  -  i/a  .Ef  +  2d,  a  huE?  +  a 

If  the  central  node  Ez  is  located  at  (xljtya,za  *  Az  /  2)  -  (i.Ax,j.Ay,(k .  1/  2).Ar),  the  SCT  is  : 

(18)  SCT ~[Ax\d,:a  v2.d/a  -4,a  ].£;•' -[Ax\d,s|3  +  Ar.d/P  -4.fi  ].£," 

+[Av  Sya  +  a  ].£"*!(y +l)-[iy  .dyfi  +  fi  ]£"0  +  l) 

-[Ajc  .3,  a  -a  ].£r'(/-l)+[A>c  .a,  fi  -ji  ].£?(/ -1) 

+[Ay  ,dya  +a  ].£"*'  O'  + 1)  -  [Ay  .dy0  +  p  ].£;0+l) 

-[av  .a,  a  -a  ].£:*' (y-i)+[v  ,dyfi  -ji  j.£;a-i) 

Only  the  index  that  are  ditferents  from  (ij,k+\!2)  are  noted  in  (18).  This  expression  results  in  an  implicit 
scheme  because  some  other  Ez  nodes  are  requested,  at  time  t-(n+]).Ar  ,  in  the  computation  of  the 
central  node. 

The  fourth  order  time  discretisation 


The  Time  Correction  Term  is  given  by  the  TAYLOR's  expansion.  The  relation  (4)  is  modified  to  take 
into  account  the  loss  term  : 


(19)  a.  -  e  6,  £ ;«'*  +  o  %,  £;“,J  -  ~  d,2  [t  B,  +3.o  ].£;“'2  +  0(At*  ) 
with  the  average  operator 

(20)  5,  £”,,J  -![£«’+£;] 


Assumptions  : 

The  magnetic  consritutives  p  and  p  are  assumed  to  be  constants  in  the  electric  formulation  ( respectively 
with  e  and  a  in  the  magnetic  formulation). 

The  constitutives  are  assumed  to  be  constants  in  the  direction  of  the  field  component  to  compute,  These 
assumptions  are  related  to  the  planeness  of  the  integration  surface  (Or  in  (6)). 
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The  TCT  of  (19)  is  obtained  by  projection  on  the  Cz  axis.  By  -placing  (21)  in  (19)  and  (18)  in  (1 1),  the 
heterogeneous  media  formulation  is  obtained  for  a  Ez  component. 
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/]!  uie  derivations  are  ope.  ited  at  (»,/,£+ 1/2)  in  (22).  The  explicit  expression  of  Ez  at  t=(n+l)At  is 
obtained  by  replacing  the  projections  of  (12)  in  (22).  The  computation  of  a  E  node  mvolves  24  H  nodes 
and  12  E  nodes  when  o  *  0.  Respectively,  the  computation  of  a  H  node  involves  24  E  nodes  and  12  H 
nodes  when  p  *  0- 


The  spatial  ext&uhon  /the  fourth  order  scheme  raises  the  problem  of  the  field  computation  over  the 
mesh  boundary.  Several  approaches  are  available  ir  [6J.  It  seems,  from  now  that  a  good  absorption 
performance  is  obtained  by  using  a  fourth  order  HIGDON  condition  on  the  boundary  The  derivation 
operators  are  discretized  at  the  second  order  in  time  and  'ace.  The  plane  of  nodes  located  between  the 
exterior  absorbing  boundary  and  the  4x4  interior  scheme  at  „•  computed  with  the  regular  2x2  scheme. 
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Figure  2  comparison  on  the  anisotropy  of  the  2x2  and  the  4x4  schemes,  illustrated  by  the  difference 
between  the  computed  wave  front  and  the  ideal  circular  one.  Discretisation  Ax-Ay-X/j  ,3“2CAt 


CondasiOD 

The  4x4  scheme  has  a  heavier  formulation  than  the  2x2,  but  shows  better  performance.  The  method 
exposed  above  may  be  applied  to  build  higher  order  schemes.  The  main  idea  is  to  use  the  lower  order 
formulations  to  build  the  higher  one.  The  spatial  extension  over  an  interface  is  taken  into  account  by  a 
combination  of  2x2  heterogenous  formulations  applied  on  both  sides  of  the  interlace  The  second 
degree  dr  ivatives  over  the  const itutives  enables  to  approximate  the  change  of  media  index  by  a  cubic 
polynomial.  This  gives  a  better  gsonetrical  modelisation  of  the  structure  to  study. 
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Figure  1  Spatial  dispositions  of  the  electromagnetic  nodes  involved  in  the  computation  of  the 
Ex(i-ri/2j,k)  component  in  free  space 
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Recent  Enhancements  to  GEMACS  53 


Edgar  L.  Coffey,  III 
Advanced  Electromagnetics 
4516  Stockbridge  Avenue  NW 
Albuquerque,  New  Mexico  87120 


A  number  of  new  features,  specifically  requested  by  GEMACS  users,  has  been  added  to  the  GEMACS 
(General  Electromagnetic  Model  for  the  Analysis  of  Complex  Systems)  computer  program  [1]  since 
the  release  of  version  5.2  in  early  1993.  Hie  purpose  of  this  paper  is  to  summarize  the  modifications 
made  to  the  program  and  how  these  changes  benefit  the  GEMACS  user. 

MOM  Low  Frequency  Accuracy  Enhanced 

The  low  frequency  accuracy  of  GEMACS'  method  of  moments  (MOM)  module  has  been  improved  by 
addressing  some  of  the  numerical  deficiencies  of  the  original  code.  The  wire  segment  basis  function 
has  been  changed  from  its  original 

l(s)  -  A  +  B  sin(ks)  +  C  cos(ks) 

to  the  one  used  in  NEC3VLF  [2], 

I(s)  -  A  +  B  sin(ks)  +  C  [1  -  cos(ks)) 

where  k  is  the  wave  number  and  s  is  the  distance  along  a  wire  segment.  This  does  not  change  any 
physics  within  the  code.  It  merely  rearranges  terms  so  that  the  “C“  function  is  a  perturbation  about 
zero  instead  of  a  perturbation  about  unity.  Hence,  the  numerical  difficulty  of  allocating  current 
between  to  "A"  and  "C  terms  is  alleviated.  At  the  same  time  the  near  and  far  zone  field  equations 
were  rewritten  for  better  numerical  stability  and  to  take  adva  itage  of  numerical  methods  that  have 
speeded  up  computations  (man  -  fill)  by  an  average  of  30%  for  large  numbers.  In  addition,  the 
evaluation  of  the  exp(  jkR)/R  h~ ,  been  changed  per  the  technique  in  NEC3VLF. 

The  key  to  increased  accuracy,  however,  was  not  so  much  the  work  described  above  as  the  total 
rewrite  of  the  current  basic  function  interpolation  numerics  for  (A,  B,  C}.  GEMACS,  unlike  NEC  or 
NEC3VLF,  makes  more  use  of  interpolation  numerics.  When  segment  lengths  become  electrically 
short,  the  numerical  implementation  of  the  interpolation  breaks  down.  A  significant  rewrite  of  the  code 


This  work  was  spon  ored  by  the  U.  V  Air  Force  Rome  Laboratory  under  contract  F30602-92-C-0072. 
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has  extended  the  numerical  accuracy  of  this  portion  of  GEMACS  to  nearly  the  dynamic  range  of  the 
computer  (typically  IE-38).  These  enhancements  have  allowed  us  to  use  GEMACS  to  model  very 
small  (electrical)  features  such  as  0. 1"  pins  on  printed  circuit  boards  without  the  numerical  instabilities 
that  occurred  using  earlier  versions  of  the  code. 

The  'small  loop"  numerical  problem,  also  discussed  in  [2],  still  remains  to  a  small  extent  in  GEMACS 
5,3.  We  plan  on  investigating  fixes  for  it  over  the  next  twelve  months. 

GTD  Ray  Path  Dump 

It  is  now  possible  to  dump  GTD  ray  path  coordinates  and  field  magnitudes  to  an  ASCII  file  using  the 
new  RAYPTH  command.  The  path  is  traced  from  bounce  to  bounce  and  can  be  displayed  using  the 
GAUGE  and  WinGAUGE  graphics  packages. 

HFIELD  Command 

At  long  last  GEMACS  has  an  HFIELDO  command  as  a  companion  to  EF1ELXK).  HFIELD  computes 
magnetic  fields  for  MOM,  GTD,  and  MOMJGTD  hybrid  problems.  Its  syntax  is  identical  to  that  of 
EF1ELD0-  It  is  of  particular  value  in  finding  surface  currents  on  GTD  structures  since  J  ■  n  x  H. 
HFIELD  has  not  yet  been  implemented  for  finite  difference  (FD)  problems  since  the  structure  of 
GEMACS  for  FD  is  quite  different  from  its  MOM  and  GTD  structure. 

CAD  Geometry  Data 

Finally,  in  response  to  requests  from  GEMACS  users  which  develop  geometry  models  with  commercial 
CAD  packages,  GEMACS  5.3  includes  a  feature  to  allow  direct  input  of  geometry  data,  bypassing  the 
normal  geometry  input  processor.  The  data  are  for  the  most  part  descriptions  of  polygons  (with  a  wire 
segment  defined  as  a  two-vertex  polygon).  Data  sets  in  this  form  are  generally  much  easier  to  generate 
with  CAD  packages  than  data  using  the  traditional  GEMACS  grammar  and  syntax. 

The  CAD  geometry  data  input  is  activated  by  adding  tire  CAD  field  to  the  GMDATA  command.  This 
causes  GEMACS  to  interpret  the  ASCII  data  in  the  geometry  file  as  point/polygon  data  instead  of 
standard  GEMACS  geometry  commands. 
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Abstract 

A  computer  resource  requirements  analysis  was  recently  completed  for  the  GEMACS  program.  The 
purpose  of  this  analysis  was  to  develop  estimation  techniques  for  several  key  resources  associated 
with  the  execution  of  this  code.  Three  mutually  supportive  tools  were  completed  during  this 
analysis.  First,  graphical  results  and  estimation  charts  were  prepared.  Second,  an  interactive 
resource  estimation  program  (GEMSIZ)  was  created  to  let  the  user  enter  proposed  problem 
information  to  obtain  requirements.  Finally,  a  program  was  completed  that  will  allow  the  user  to 
read  a  GEMACS  input  file  to  obtain  the  estimates  of  resource  requirements. 


1.  Introduction 

GEMACS,  like  any  large  analysis  program,  can  be  difficult  to  use  and  apply.  One  of  the 
application  problems  i .  the  determination  of  the  best  computer  platform  for  running  various  classes 
of  models.  This  determination  is  usually  dependent  on  such  factors  as  the  amount  of  available  disk 
storage,  memory  and  the  speed  of  the  computer,  In  the  past,  it  ha  been  difficult  to  estimate  the 
actual  number  of  required  files  for  execution,  the  total  disk  size  requirement  or  the  expected 
execution  time  for  a  given  model.  Lack  of  knowledge  of  some  of  these  parameters  can  be  both 
fiustrafng  and,  in  some  cases,  disastrous.  For  instance,  there  have  been  several  cases  where  a 
problem  is  started  on  a  specific  system  and  run  for  many  days  only  to  have  the  system  crash 
because  of  a  lack  of  sufficient  disk  storage  space.  This  can  also  occur  if  the  problem  is  not  started 
with  sufficient  file  handles  to  accommodate  the  run.  An  estimate  of  the  execution  time  can  also 
be  important  for  cases  where  a  commitment  of  a  computer  for  a  particular  problem  would  be 
unacceptable  if  the  e,.  pec  ted  time  is  excessive.  The  resource  requirements  estimation  tools  described 
in  this  paper  are  intended  to  assist  the  user  in  making  optimum  use  of  available  computer  resources 
and  to  minimize  the  risk  of  program  failure  due  to  resource  limitations. 


This  work  was  supported  by  the  Air  Force  Phillips  Laboratory  under  contract  F29601-92-C-0109. 


72 


2.  Objectives 

The  main  objectives  for  the  work  summarized  in  this  paper  include  the  following: 

•  Analyze  the  basic  cc'  ■'uter  resource  requirements  for  GEMACS 

■  Create  graphic/nomograpn.  documentation  of  results 

■  Create  an  interactive  resource  estimation  tool 

•  Create  a  resource  estimation  tool  for  evaluation  of  GEMACS  input  files 

3.  Approach 

The  approach  throughout  the  work  performed  in  support  of  this  development  was  focused  on 
providing  useful  and  informative  tools  for  the  users  of  GEMACS  in  the  area  of  resource 
specification  and  allocation.  There  were  four  principle  resources  focused  on  for  this  analysis, 
namely,  the  maximum  number  of  files,  maximum  disk  storage  prior  to  and  after  checkpoint  and  the 
execution  time.  The  general  approach  for  the  development  of  estimation  tools  for  each  of  these 
factors  will  be  discussed  here  briefly. 

Test  Cases.  A  number  of  general  test  cases  were  devised  and  executed  to  exercise  GEMACS  in  as 
many  mays  as  possible.  The  test  cases  included  simple  problems  with  only  method-of-moments 
(MOM),  general  theory  of  diffraction  (GTD)  or  frequency  domain  finite  differences  (FDFD).  Other 
cases  that  exercised  the  code  with  hybrid  combinations  of  MOM,  GTD  and  FDFD  were  also 
executed.  Finally,  several  test  models  were  executed  from  a  collection  of  benchmarks  for 
GEMACS.  The  results  of  these  computer  runs  were  used  to  prepare  graphical  and  tabular 
summaries  of  the  various  resource  requirements  associated  with  GEMACS  under  many  conditions. 
Tabic  1  summarizes  the  benchmark  test  cases  that  were  used  in  the  characterization  of  the  resource 
requirements. 

Files.  The  GEMACS  source  code  was  modified  to  write  diagnostic  information  concerning  the 
opening  and  dosing  of  all  files  during  a  model  run.  This  allowed  the  capture  of  the  information 
required  to  determine  the  maximum  number  of  files  that  were  open  at  any  given  lime. 

Disk  storage  requirements.  The  maximum  disk  storage  requirement  for  GEMACS  prior  to  and  after 
checkpoint  was  documented  in  a  similar  fashion  to  the  number  of  files.  GEMACS  source  code  was 
modified  to  write  diagnostic  information  concerning  the  writing  and  reading  of  information  to  and 
from  disk.  This  allowed  the  evaluation  of  the  size  of  disk  storage  files  being  worked  on  as  a 
function  of  time/operation  as  the  GEMACS  run  progressed.  From  this  information,  the  maximum 
size  of  the  disk  storage  requirement  was  determined  both  before  and  after  checkpoint.  The  same 
test  cases  were  used  for  this  analysis  as  for  the  characterization  of  the  maximum  number  of  files. 

Execution  lime.  Another  key  factor  in  the  application  of  GEMACS  to  a  given  computer  platform 
is  the  expected  execution  lime  or  relative  speed  of  the  computer.  1  >thcr  test  cases  were  devised  to 
help  characterize  the  various  contributions  of  GEMACS  solution  techniques  and  operations  on  the 
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required  execution  time.  Such  factors  as  the  number  of  unknowns  (wires,  patches  and  apertures), 
number  of  GTD  elements  (plates  and  cylinders)  and  number  of  FDFD  grid  cells  were  considered. 
Also,  the  contributions  from  varying  numbers  of  output  field  requests  and  total  number  of  output 
field  points  requested  were  analyzed. 

GEMSIZ  Program.  An  interactive  computer  program  was  created  to  provide  a  tool  for  estimation 
of  the  computer  resource  requirements  for  GEMACS  under  most  cases.  The  basis  of  this  program 
were  the  results  from  the  large  number  of  computer  runs  that  were  made  to  generate  the  tabular  and 
graphical  summaries  previously  mentioned.  This  program  requires  the  user  to  enter  pertinent 
information  on  the  GEMACS  problem  proposed  in  order  to  make  an  estimate  of  the  required 
resources. 

GEMCRC  program.  Another  program  was  also  developed  that  makes  use  of  the  user’s  GEMACS 
input  file  to  directly  evaluate  the  resource  requirements  for  a  specific  problem.  This  program  is  not 
user  interactive  and  obtains  all  required  information  from  the  input  file.  The  estimates  for  computer 
resource  requirements  is  performed  by  the  GEMSIZ  program  after  the  appropriate  information  has 
been  extracted  from  the  input  file. 


4.  Results 

One  of  the  goals  of  this  work  was  to  devise  general  nomographs  and  equations  that  would  allow 
for  the  computation  of  the  execution  time  requirements  for  GEMACS  problems.  At  the  inception 
of  this  work,  it  was  envisioned  that  this  would  consist  of  perhaps  just  a  single  set  of  governing 
equations,  or,  at  worst,  a  set  for  each  type  of  computer  platform  (i.e.,  PC,  Workstation,  Min'  or 
Mainframe).  The  complexity  of  interaction  of  the  GEMACS  program  with  different  computers, 
operation  systems  and  compilers  has  since  become  very  evident.  The  result  is  that  there  appears 
to  be  no  simple  set  of  governing  equations  that  will  allow  for  the  generic  development  of 
nomographs  or  programming  equations.  This  section  will  review  some  of  the  performance 
comparison  data  from  the  analyses  performed. 

Figure  1  illustrates  graphical  data  for  the  number  of  files  required  as  a  function  of  the  number  of 
output  field  requests.  Figures  2  and  3  show,  respectively,  the  typical  results  obtained  for  the 
maximum  disk  storage  requirements  prior  to  and  after  checkpoint  for  a  hybrid  case  involving  GTD 
and  MOM  elements.  Typical  results  for  predictions  of  execution  times  for  MOM,  GTD  and  FDFD 
cases  are  illustrated  in  Figures  4  through  6,  respectively.  Table  1  summarizes  some  of  the  typical 
disk  requirements  and  execution  time  predictions  as  compared  to  the  actual  values  generated  as  part 
of  the  validation  process.  Excellent  predictions  are  achieved  for  maximum  disk  storage 
requirements.  Predictions  of  the  execution  rime  that  are  generally  within  about  ten  percent  of  the 
actual  values  arc  also  achieved. 

The  characterization  of  the  execution  time  for  a  GEMACS  problem  from  one  jmputer  to  another 
exhibited  unanticipated  complexities.  The  computers  from  which  timing  information  was  obtained 
in  support  of  this  analysis  are  summarized  in  Table  1.  Considerable  variation  in  performance  was 
noted  from  computer  to  computer  as  i  function  of  the  type  of  problem  being  solved  (i.e.  MOM, 
GTD,  FDFD  or  hybrid).  Also,  variations  were  noted  even  Pom  one  computer  to  another  in  the 
same  class  (i.e.  two  PC’s  or  two  SUN  Sparc  workstations).  This  makes  the  generalization  of  timing 
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estimates  difficult,  at  best,  Reasonable  characterizations  were  achieved  for  PC’s,  a  SUN  Sparc/10 
and  a  Motorola/RISC  system.  More  coarse  estimates  are  provided  for  SGI’s,  DEC/ Alpha  and  the 
Cray  super  computer.  It  is  probable  (hat  a  user  of  the  tools  provided  in  this  analysis  will  want  to 
perform  their  own  benchmarks  for  timing  characterization  if  their  computer  platform  is  not  one  cited 
in  Table  1. 

An  effort  was  made  to  characterize  the  timing  performance  of  a  number  of  computer  systems.  All 
systems  were  compared  to  the  performance  of  a  486  class,  50  MHz  PC.  There  is  considerable 
variation  in  the  measured  performance  for  each  computer  as  a  function  of  the  number  of  unknowns 
in  the  problem  as  well  as  the  type  of  GEMACS  problem  being  worked,  i.c.  GTD,  MOM.  FDFD  or 
a  hybrid  combination  of  these  techniques.  The  estimates  that  are  provided  here  and  in  the  support 
■rograms  are  limited  in  their  scope  of  both  range  of  numbers  of  unknowns  us  well  as  problem  types. 
Many  different  problem  types  were  used  in  the  development  of  the  estimates,  but  a  comprehensive 
compilation  of  all  possible  or  probable  cases  was  not  feasible  for  this  effort.  Consequently,  there 
is  some  uncertainty  in  the  timing  resources  predicted  for  computers  other  than  the  486  base  system. 
In  addition,  there  are  uncertainties  for  all  cases  that  exceed  the  maximum  number  of  unknowns  used 
in  this  analysis  (this  was  typically  600  to  1000).  The  algorithms  included  in  the  support  programs 
will  provide  projections  of  the  estimates  for  the  timing  requirements  based  on  the  curve  fit  to  the 
measured  data  for  the  class  of  cases  in  question,  however,  as  one  exceeds  that  maximum  measured 
data  by  a  larger  and  larger  margin,  the  accuracy  of  the  prediction  can  be  expected  to  drop  off. 

5.  Summary/Conclusions 

The  importance  of  creating  this  suite  of  tools  for  estimation  of  the  resource  requirements  for 
GEMACS  lies  in  the  difficulty  in  determining  before  a  run  exactly  how  much  disk  storage  and  time 
will  be  required  to  complete  the  problem.  This  information  is  very  important  to  the  GEMACS  user 
because  without  such  estimates  a  problem  may  be  committed  to  a  particular  computer  that  is  cither 
incapable  of  supporting  the  complete  solution  (i.c.  too  small  a  hard  disk,  etc.)  or  that  is  too  slow 
for  reasonable  turnaround  of  resuits.  The  former  problem  has  significant  consequences  since  the 
user  may  start  a  problem  with  GEMACS  that  can  run  for  many  days  before  it  exceeds  the  disk 
storage  available  on  tile  computer  and  crashes.  This  is  not  uncommon  for  large  problems. 

A  major  effort  was  undertaken  to  develop  a  resource  requirement  analysis  capability  for  the 
GEMACS  program.  Such  a  tool  set  becomes  more  and  more  important  as  the  size  of  problem  being 
worked  with  GEMACS  increases.  A  set  of  sample  problems  was  developed  and  exercised  on  a 
number  of  different  computers  to  develop  scaling  relations  for  the  relative  performance  of  the 
computers.  Unexpectedly  complex  behavior  in  the  execution  time  for  sample  problems  on  different 
computers  added  greatly  to  the  difficulty  of  developing  a  consistent  and  accurate  set  of  predictive 
tools.  The  basic  scaling  relations  for  the  number  of  files  required  to  run  a  problem  and  the  disk 
storage  requirements  was  completed  and  validated  for  a  variety  oi  problem  examples.  The  results 
from  this  study  have  been  incorporated  into  a  FORTRAN  program  called  GEMS1Z.  Timing  scaling 
relations  were  also  characterized  and  built  into  this  program.  In  addition,  a  FORTRAN  program 
was  developed  at  PL  (GEMSRC)  that  is  able  to  take  the  users  input  file  for  GEMACS  and  use  ii 
directly  to  make  all  determinations  concerning  the  resource  requirements  for  a  run. 
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Additional  work  may  be  required  to  improve  the  accuracy  of  the  predictions  for  timing  associated 
with  large  numbers  of  unknowns  as  well  as  the  development  of  better  scaling  functions  for 
computers  other  than  the  baseline  486/50.  SUN  Sparc/ 10  and  Motorola/RlSC.  The  source  code  for 
GEMSIZ  and  GEMSRC  are  distributed  with  the  documentation  to  make  this  process 
relatively  straightforward  for  the  users. 


Table  1.  Typical  benchmark  models  and  results 


Name 

DESCRIPTION 

kW-calc. 

kW-aciual 

sec -calc. 

sec-actual  | 

DIPOLE 

Simple  1  jgment  dipole  with  1  far* 
field  request  of  90  points 

83 

83 

3.2 

4.2  | 

THIELE 

Thiele  monopole  (6  segs)  over  a  ground 
(1  GTD  plate)  with  1  far-fteld  request  of 
36  points 

83 

83 

15.4 

14.4  J 

SPHERE 

Fateh  model  of  a  sphere  (224  patches) 
with  1  far-field  request  of  361  points 

1484 

1484 

21.6 

28.0 

CAVITY 

FDFD  cavity  model  with  100  cells  and  1 
near-field  request  of  21  points 

102 

103 

52.1 

58.9 

SPIRAL 

MOM  Archimedean  spiral  antenna 
model  (302  wires)  with  1  far-field 
request  of  73  points 

626 

626 

66.6 

62.3 

WAVGTDi 

Hybrid  waveguide  model  (MOM-6 
aperture  elements.  GTD-6  plates.  FDFD- 
70  cells)  with  2  far-field  requests 
totaling  363  points 

164 

164 

1784. 

1687. 

NATO- 16 

NATO  cyi.  benchmark  (1056  patches) 
with  1  near- lie  Id  request  of  50  points 
and  using  16-fold  rotational  symmetry 

3604 

3604 

462. 

410. 

NATO-8 

NATO  cyl.  benchmark  ( 1056  patches) 
with  1  near- fie  Id  request  of  50  points 
and  using  8-fold  rotational  symmetry 

3604 

3604 

793. 

820. 

NATO-4 

NATO  cyl  benchmark  (1056  patches) 
with  1  near-held  request  of  50  points 
and  using  4-fold  rotational  symmetry 

3604 

3604 

1606 

1684. 
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Number  of  Near/Far  Field  Requests 
Figure  1 .  Maximum  number  of  files  required  as  a  function  of  field  requests 


Figure  2.  Maximum  disk  requirement  prior  to  checkpoint  for  MOM/GTD  cases. 
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I  »'urc  5.  Execution  time  as  a  function  of  number  of  GTD  plates 


Number  of  FD  grid  ceils 

Figure  b.  Execution  time  as  a  function  of  number  ol  FDFT>  rells 
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Modeling  Cavity  Problems  with  GEMACS  53 


Edgar  L.  Coffey,  HI 
Advanced  Electromagnetics 
4516  Stockbridge  Avenue  NW 
Albuquerque,  New  Mexico  87120 


The  huge  number  of  modeling  options  with  GEMACS  (General  Electromagnetic  Model  for  the 
Analysis  of  Complex  Systems)  [1]  may  appear  at  times  overwhelming  to  the  new  GEMACS  user.  For 
example,  there  are  three  (at  least)  methols  for  modeling  cavity  problems:  finite  differences  (FD), 
method  of  moments  (MOM)  MFIE  patche.,,  and  method  of  moments  EFIE  patches.  A  combined  field 
integral  equation  (CFIE)  approach  is  also  possible,  as  well  as  an  approximate  ray  tracing  method  using 
some  of  the  features  of  the  GTD/UTD  module. 

Within  GEMACS  FD  methods  are  the  only  way  to  include  cavity  dielectrics  or  conducting  cavity 
walls.  FD  is  a  volumetric  model  and  is  thus  very  computer  intensive.  It  should  be  used  only  for  small 
problems  or  problems  requiring  dielectrics. 

The  MOM  approaches  (MFIE,  EFIE,  or  CFIE)  are  to  be  used  with  great  care  as  interior  and/or  exterior 
resonances  ntay  completely  swamp  out  the  true  solution.  When  they  work,  however,  they  woik  well. 
MOM  allows  high  resolution  modeling  of  geometrical  detail  and  tends  to  be  faster  than  FD  for  most 
problems 

The  GTD/UTD  approach  relies  on  ray  tracing  and  thus  is  applicable  rally  to  very  large  cavities.  GTD 
is  not  normally  useful  in  concave  or  cavity  regions.  GEMACS,  however,  has  the  ability  to  trace  rays 
■vith  up  to  ten  bounces  each.  Convergence  is  obtained  by  relying  on  1/K  attenuation  and  the  much 
longer  path  lengths  (R)  of  multiple  bounce  rays. 

The  purpose  of  this  paper  is  to  explore  the  advantages  and  disadvantages  of  these  different  approaches 
in  modeling  a  simple  rectangular  cavity.  The  applicability  of  each  method  to  special  cases  (e.g., 
dielectric  interior,  imperfectly  conducting  walls,  etc.)  will  be  shown.  Results  will  be  compared  with 
each  other  and  with  analytical  data. 

Perhaps  more  importantly  the  presentation  will  give  the  GEMACS  user  guidance  in  selecting 
commands  and  geometries  for  his  or  her  particular  cavity  application. 
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F-16  Structure  Modeling  Using  GEMACS  53 


R.  Fisher 

Science  and  Engineering  Associates,  Inc. 
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Albuquerque,  New  Mexico  87110 

Edgar  L.  Coffey,  III 
Advanced  Electromagnetics 
4516  Stockbridge  Avenue  NW 
Albuquerque,  New  Mexico  87120 


An  extensive,  detailed  model  of  the  F-16  aircraft  was  developed  by  SEA  and  AE  for  use  in  computing 
surface  currents  and  near  zone  scattered  fields  from  plane  wave  sources.  The  purpose  of  this  paper 
and  accompanying  presentation  is  to  describe  the  details  of  the  modeling  process,  compromises  made, 
and  lessons  learned.  Comparisons  will  be  made  to  near-zone  laboratory  data. 

GEMACS  5.3  was  used  to  predict  surface  currents  and  near-zone  fields  scattered  from  an  F-16  ah  raft. 
An  MFIE  surface  patch  model  was  made  of  the  aircraft  surface,  as  shown  in  figure  1.  The  size  of  the 
model  that  is  required  to  adequately  resolve  the  F-16  using  MOM  is  quite  large.  (2,640  surface  patch 
elements,  or  5,280  matrix  uiutnowiis).  Consequently,  computer  resources  in  storage  space  as  well  as 
execution  time  can  be  concomitantly  large. 

The  first  simulations  were  performed  on  a  state-of-the-art,  four-processor  RISC  work  station.  These 
did  not  take  into  account  symmetry  nor  was  banded  matrix  iteration  (BM1)  used.  After  lb  days,  the 
run  failed  because  all  hard  disk  space  had  been  taken  by  the  MOM  matrix,  its  LU  factorization, 
observable  data  sets,  etc.  It  was  this  lesson  learned  that  ied  to  the  development  of  the  GEMACS 
Resource  Monitor  reported  on  elsewhere  in  these  proceedings,  "Results  of  a  GEMACS  Resource 
Calculation  Study." 

Later  runs  (without  symmetry)  were  performed  on  a  Cray  computer  at  USAF  Phillips  Laboratory. 
Subsequently,  symmetry  was  used  and  array  sizes  increased  sufficiently  that  the  work  station  run 
completed  (in  about  eight  hours).  The  results  of  the  work  station  were  identical  (five  digits)  to  those 
from  the  Cray. 

The  primary  observables  computed  were  current  densities  over  tne  F-16  surface.  These  are  shown  in 
gray-scale  rendering  in  figure  2.  Near-zone  fields  were  computed  from  fine  currents  using  the 
GEMACS  EF1ELD0  command  and  a  grid  spacing  of  0.5  m.  Figure  3  shows  the  results.  The  aircraft 

This  work  was  sponsored  by  the  U.  S.  Air  Force  Phillips  Laboratory  under  contract  F29601-92-C-0109, 
subtask  05-01. 
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model  has  been  overlaid  on  top  of  the  field  results  to  orient  the  viewer  us  well  as  to  mask  out  interior 
fields  erroneously  computed  by  MOM.  Since  there  are  no  field  values  associated  with  the  model  being 
superimposed,  the  area  occupied  by  the  model  appears  as  black. 

Tlie  zone  at  the  rear  of  the  aircraft  in  and  behind  the  tail  is  anomalous.  It  is  not  blown  at  this  time 
the  exact  reason  for  the  predicted  high  field  levels  in  this  region.  It  is  believed  that  some 
approximations  that  were  made  in  developing  a  functional  model  for  the  F-16,  which  violate  to  some 
degree  standard  modeling  guidelines,  may  have  generated  or  at  least  contributed  to  this  anomaly. 

Figure  4  shows  a  black  and  white  rendition  of  IR  results  for  the  same  configuration.  A  plastic  model 
was  coaled  with  silver  paint  and  embedded  in  conducting  paper.  This  setup  was  illuminated  by  a  plane 
wave  excitation,  which  heated  the  conducting  areas  in  some  relationship  to  the  field  strength.  An  IR 
photograph  was  taken  of  the  setup. 

It  is  significant  that  with  even  a  MOM  model  that  violates  a  number  of  standard  guidelines,  the 
agreement  qualitatively  is  rather  good.  The  peaks  and  nulls  along  the  fuselage  and  wing  leading  edge 
match  node  for  node.  The  interference  pattern  generated  between  incident  and  scattered  fields  agrees 
fairly  well,  too.  (It  is  difficult  to  make  too  strong  a  statement  because  of  not  having  a  reference  for 
the  IR  work  and  the  differences  in  color  coding  between  IR  and  GEMACS  displays.) 

In  summary,  an  F-16  model  was  generated  that  clearly  reproduces  the  gross  features  of  the  IR 
measurements  taken  by  Phillips  Laboratory.  This  model,  if  all  modeling  guidelines  had  been  followed, 
would  have  required  10,000+  patches  to  produce.  Compromises  were  made  in  the  model's  geometrical 
and  electromagnetic  integrity  to  reduce  the  number  of  patches  to  2,640.  However,  even  this  crude  a 
model  produced  useful  results.  The  10,000+  patch  model  would  have  produced  Q2  results  because  we 
would  not  have  been  able  to  run  it! 

References: 

1.  E.  L.  Coffey,  D.  L.  Kadlec,  and  N.  W.  Coffey,  "General  Electromagnetic  Model  for  the 
Analysis  of  Complex  Systems  (GEMAC  ),  Version  5,  User,  Engineering,  and  Code 
Documentation  Manuals,  Rome  Laboratory,  •  hnical  Report  RADC-TR-90-360,  June  1990. 
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Figure  3.  F-16  Local  Electric  Field  Distribution  Predicted  by  GEMA.CS. 


Figure  4.  Black  and  White  Rendition  of  Field  Distribution  for  1R  Model. 
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Figure  1.  GEMACS  MFIE  Patch  Model  for  the  F-16. 


Figure  2.  F-16  Current  Distribution  Predicted  by  GEMACS. 
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Microwave  and  millimeter  wave  power  tubes  are  essential  components  of  today’s  advanced 
military  systems.  Power  tube  design  is  a  complex  process  which  must  simultaneously  account 
for  mechanical,  magnetic,  electrostatic,  electron  optic,  electromagnetic,  thermal,  and  other 
factors  in  order  to  meet  performance  requirements  for  existing  and  next  generation  sysiems. 
Existing  design  methods  are  time  and  labor  intensive  usually  requiring  the  costly  construction 
and  testing  of  several  prototypes  by  highly  skilled  and  expensive  technical  labor.  The  creation  of 
an  advanced  computer  based  design  capability  for  power  tubes  will  significantly  reduce  the  risk, 
cost,  and  development  time  associated  with  state-of-the-art  tube  development  while  improving 
performance  and  reliability. 

The  Microwave  &  Millimeter-wave  Advanced  Computational  Environment  (MMACE) 
Program  is  directed  at  the  development  of  just  such  a  comprehensive  computational  design 
environment  for  microwave  power  tubes.  The  MMACE  program  is  a  tri- Service  effort  with 
ARPA,  NIST,  NSF,  and  NASA  participation  which  will  operate  over  a  three  year  period  to 
define,  develop,  and  validate  this  advanced  design  system.  Many  of  the  problems  being 
addressed  by  the  MMACE  program  are  shared  in  varying  degrees  by  a  broad  spectrum  of 
technical  disciplines  and  MMACE  is  addressing  these  common  problems  in  a  generic  fashion. 

This  presentation  will  discuss  both  the  unique  and  generic  aspects  of  power  tube  design 
which  have  dictated  the  present  programmatic  and  technical  structure.  The  focus  will  be  on  tube 
design  computational  requirements,  the  key  technical  objectives  which  must  be  achieved  to 
impact  the  design  process,  and  the  specific  technical  and  programmatic  approach  adopted  by 
MMACE.  Mochamsms  for  cooperation  and  joint  development  on  common  design  problems  with 
other  programs  and  technical  communities  have  been  given  a  high  priority  and  initial  cooperative 
efforts  will  be  highlighted.  A  prototype  design  environment  was  developed  in  Phase  I  of  the 
MMACE  program  and  was  released  for  testing  in  the  US  tube  industiy  in  the  Fall  of  1993.  The 
structure  and  capabilities  of  the  prototype  will  be  discussed  and  demonstrated  and  the  present 
status  of  the  follow-on  Phase  II  design  system  framework  and  tool  development  will  be 
presented. 
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Abstract 

This  paper  refines  the  concepts  presented  at  the  9*  Annual  Applied  Computational  Electromagnetics 
Society  Symposium  [1],  At  that  symposium  several  papers  were  presented  which  outlined  in  broad  terms 
the  need  for  a  more  intelligent  and  efficient  approach  to  computational  electromagnetics  (CBM)  modeling, 
simulation,  and  code  development. 

This  paper  presents  the  results  of  foither  investigations  and  dialog  in  this  critical  arena.  It  focuses 
on  the  work  being  performed  at  Rome  Laboratory  to  refine  the  concepts  and  specify  the  characteristics  of 
several  elements  which  are  significant  at  this  stage  of  the  overall  design  of  the  EMSES.  It  should  be  noted 
that  the  refinements  made  are  the  result  of  collaboration  and  numerous  conversations  with  individuals  in 
DOD,  DOE,  industry,  and  academia.  However,  the  conclusions  presented  are  those  of  the  author  and  do 
not  necessarily  reflect  the  positions  of  those  who  have  contributed  their  time  and  talent. 

In  particular,  this  paper  endorses  the  use  of  the  Microwave  and  Millimeter-Wave  Advanced 
Computational  Environment  (MMACE)  for  the  overall  framework  within  which  the  EMSES  resides  and 
operates  MMACE  is  a  Tri-Service  Program.  The  Nevei  Reseerch  Laboratory  is  the  technical  lead  for  its 
development.  Although  it  is  directed  to  the  high  power  vacuum  electronics  community,  the  shell  and  its 
basic  dements  incorporate  many  of  the  tools  and  considerations  which  are  necessary  to  the  EMSES.  The 
prototype  has  been  demonstrated  and  it  is  now  entering  phai,  11.  The  electromagnetics  community  has  a 
fortuitous  opportunity  to  impact  the  overall  design  of  MMACE  to  sccommodate  CEM  codes. 

This  paper  presents  one  view  of  how  EMSES  and  MMACE  can  be  synergistically  designed  to 
exploit  the  advantages  of  each  for  the  benefit  of  both,  while  it  the  tame  time  providing  a  system  with  an 
architecture  sufficiently  open  to  the  incorporation  of  the  modeling  ind  simulstion  tools  of  other  engineering 
and  manufacturing  disciplines  (e  g,  computations!  fluid  dynamics,  thermal  transfer,  computer-aided 
design) 


Introduction 

At  the  Ninth  Annual  "eview  of  Progress  in  Applied  Computational  Electromagnetics  several  papers 
were  presented  [1-3]  whir  focussed  on  issues  which  noed  to  be  considered  in  foture  development  of 
computational  electroma;  ms  (CEM)  technology  and  computer-aided  tools.  The  paper  by  Siarkiewic7 
[1]  treated  several  generic  issues  related  to  the  development  of  in  integrated  computational  environment 
in  which  an  electromagnetic  engineer  or  systems  integrator  designs  a  system  or  analyzes  the  performance 
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of  i proposed  system  design.  System  is  defined  ss  an  electromagnetic  radiating  or  scattering  platform  (e  g., 
airplane,  tank,  ship,  spacecraft)  on  which  are  mounted  deliberate  (i.c.,  antennas)  or  accidental  (e.g.,  doors, 
access  panels,  power  cables)  radiators  or  receptors  of  electromagnetic  energy. 

The  referenced  paper  presents  a  very  preliminary  overview  of  the  three  major  divisions  of  a  next- 
generation  electromagnetic  modeling  and  simulation  environment  for  systems  (EMSES).  These  are  the 
input  processing  function,  which  accesses  the  appropriate  system  and  component  databases  and  develops 
the  electromagnetic  model  for  the  system  under  analysis.  The  second  component  is  the  computational 
engine,  a  computer-aided  CEM  tool  to  perform  the  required  analysis  on  the  electromagnetic  model  and 
compute  the  necessary  output  data  to  derive  the  requested  system  performance  data  The  third  element 
is  the  output  processing  function  which  performs  the  tasks  of  data  reduction  and  presentation,  and  database 
generation  and  modification. 

This  paper  is  a  follow-on  to  the  paper  presented  last  year.  It  represents  the  results  of  further 
reflection  on  this  complex  area.  The  author  gratefully  acknowledges  stimulating  discussions  with  several 
other  engineers  snd  scientists  who  have  given  the  concept  of  a  next  generation  CEM  environment  much 
serious  thought  These  include,  among  others,  Dr.  Ed  Miller,  formerly  of  Los  Alamos  National  Laboratory, 
Dr.  Lou  Medgycsi-Mitschang,  McDonnell-Douglas,  Dr.  Bob  McGahan,  Rome  Laboratory,  Maj  Dennis 
Andersh,  Wright  Laboratory,  and  Capt.  Tom  Timmerman,  Phillips  Laboratory.  However,  the  thoughts  and 
reflections  presented  in  this  paper  are  solely  those  of  the  author  and  do  not  necessarily  represent  either 
implicitly  or  explicitly  the  ideas  anj  opinions  of  these  or  other  engineers  working  in  the  area  of  CEM 

The  Concept 

Figure  1  is  a  pictorial  representation  of  the  fundamental  elements  which  comprise  the  initial 
development  ofEMSES.  The  rectangular  boxes  represent  elements  which  are  common  to  all  versions  of 
the  framework.  Each  version  is  differentiated  from  others  by  the  insertion  of  s  computational  engine  which 
is  specific  to  the  application  and  type  of  analysis  For  example,  for  the  analysis  of  the  integration  of  an 
antenna  on  a  platform  in  order  to  characterize  and  minimize  the  pattern  distortion  one  would  use  the 
GEMACS  (General  Electromagnetic  Model  for  the  Analysis  of  Complex  Systems)  computer  program.  For 
automatic  target  recognition  applications  one  would  use  the  XPATCH  code  being  developed  for  the  Air 
Force  Materiel  Command  Wright  Laboratory.  Of  course  the  necessary  translators  to  prepare  the  data  input 
for  the  code  and  the  data  output  from  the  code  would  also  be  included  in  the  oval  area  shown  in  figure  1 

The  cylinders  shown  in  figure  1  represent  the  database  associated  with  the  article  under  analysis 
( AUA).  This  includes  a  description  of  the  physical  geometry  and  the  material  properties  of  all  defining 
surfaces  The  database  would  also  contain  any  measured  and  computed  data  that  may  be  generated  to 
define  the  operational  performance  of  the  AUA.  This  latter  data  may  or  may  not  be  employed  in  a 
particular  follow-on  analysis  Howevr  ,  the  results  of  any  analysis  would  be  added  to  augment  the 
performance  database  for  the  system. 

The  database  interface  and  visualization  tools  would  access  the  database  and  generate  a  computer 
model  of  the  geometry  Thus,  this  rectangle  includes  an  appropriate  database  program  and  query  system, 
as  well  as  a  graphics-based  engine  to  display  the  geometry  for  viewing  and  editing  as  appropriate.  Initially 
this  is  envisioned  as  a  computer-aided  design  (CAD)  package,  for  example,  AutoCAD  or  the  ACAD 
program  being  supported  by  the  Electromagnetic  Code  Consortium  (EMCC).  The  operations  of  the  tools 
in  this  rectangle  provide  the  analyst  with  a  pictorial  image  from  which  an  electromagnetic  model 
appropriate  tor  the  computational  engine  wiil  be  generated 
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EMUAmi 


[ '  T'l  Common  Elementa 
<S2>  AppttciUHVSpocftc  Elomont 


Figure  1  EMSES  Conceptual  Diagram 

The  concept  includes  a  knowdedge-baaed/expen  system  (KB/ES)  processor  which  aids  the  analyst 
in  the  development  of  the  electromagnetic  model.  While  much  Of  this  dement  of  the  concept  may  be 
independent  of  the  computational  engine,  there  may  be  portions  which  are  application-specific.  An  optional 
design  possibility  is  to  attach  a  translator  to  the  computational  engine  which  converts  the  output  of  a 
standard  expert  system  into  the  syntax  of  the  input  language  of  the  engine.  In  this  way  an  identical  KB/ES 
processor  can  be  employed  for  any  computational  engine,  thereby  simplifying  the  long-term  maintenance 
and  enhancement  of  the  processor. 

As  noted  previously,  the  computational  engine  can  be  any  CEM  program  which  provides  the  data 
required  by  the  analyst.  Several  possibilities  and  considerations  were  presented  in  last  year's  paper  [1  ]. 
However,  a  rather  radical  and  innovative  alternative  is  presented  later  in  this  paper. 

The  output  of  the  computational  engine  is  the  input  to  the  dement  labeled  "database  interface  and 
data  reduction  tools’  in  figure  1 .  This  dement  performs  two  manipulative  functions  on  the  engine's  output 
data.  A  full  complement  of  graphing  and  charting  functions  would  be  available,  such  as  polar  and 
rectangular  graphs,  Smith  chart  templates,  writing  to  file  for  transfer  to  plotters  and  laser  printers,  and  other 
such  utilities 

The  second  major  function  of  this  dement  is  that  of  writing  the  data  to  a  mass  storage  medium  for 
future  reference  and  use  by  other  analysts  Thus,  the  output  of  uiy  analysis  augments  the  electromagnetic 
database  for  the  AUA.  A  full  complement  of  subfunctions  would  be  available  for  database  maintenance, 
such  as  renaming  files,  deleting  obsolete  files  (e  g.,  those  which  are  based  on  an  earlier  version  of  the 


88 


geometry),  and  combining  files.  Such  file  maintenance  utilities  are  of  benefit  as  the  AUA  undergoes  the 
iterative  design  and  analysis  process  Working  files  would  be  transferred  to  various  workstations  as 
necessary,  while  the  configuration  control  file  would  remain  safely  archived,  at  least  until  it  is  superseded 
through  a  well-established  documentation  update  process. 

An  Innovative  Concept  for  the  Computational  Engine 

In  the  design  thus  far  proposed  it  is  assumed  that  the  computational  enginr  is  a  stand-alone  OEM 
code,  such  as  GEMACS  or  the  Numerical  Electromagnetic  Code  1>1EC).  A  number  of  advantages  accrue 
if  the  engine  is  dynamically  composed  to  suit  the  geometry  and  analysis  at  hand.  That  is,  instead  of 
incorporating  a  number  of  large  codes  within  the  framework  and  having  the  analyst  specify  which  one  is 
to  be  inserted  for  a  particular  execution  series,  the  environment  would  incorporate  the  electromagnetic 
analysis  capability  as  a  library  of  subroutines  or  modules,  each  of  which  would  describe  a  single  process 
of  electromagnetic  interaction.  Thus,  there  would  be  separate  modules  to  characterize  diffraction  from  an 
edge  of  a  surface,  reflection  from  a  surface,  creeping  waves  around  a  cylinder,  etc  Furthermore,  if  object- 
oriented  programming  were  employed,  then  lire  edge-of-a-surface  module  would  be  generic  in  the  sense 
that  the  edge  would  be  the  edge  of  a  flirt  plate  or  the  interface  of  two  dissimilar  materials  (e.g..  aluminum 
and  fiberglass). 

As  a  demonstration  of  this  concept,  assume  thst  GEMACS  is  a  computer  code  that  has  been 
inserted  into  the  environment.  Originally  it  would  act  as  a  stand-alone  code  for  the  computational  engine, 
providing  infoimation  about  the  degradation  of  the  fir-field  beam  pattern  caused  by  the  presence  of  the 
aircraft  on  which  the  antenna  is  mounted  This  is  depicted  as  phase  1  in  figure  2 


Figure  2.  Development  of  an  Electromagnetic  Library 
In  a  second  phase  of  the  integration  process,  GEMACS  is  broken  up  into  its  six  individual  modules. 
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as  shown  in  the  middle  column  of  figure  2  The  file  handling  capabilities  of  the  environment  are  used  to 
transfer  data  among  the  modules,  rather  than  the  built-in  functions  within  GEMACS  itself.  As  a  further 
step  in  the  process,  the  input  and  output  modules  of  GEMACS  are  eliminated  The  database  interface 
tools,  visualization  tools,  and  data  reduction  tools  of  the  environment  provide  the  user  interface  with  the 
remaining  four  modules  of  the  GEMACS  code. 

In  the  third  and  final  phase  of  the  integration  process,  the  individual  electromagnetic  phenomena 
processes  within  GEMACS  are  identified,  separated  from  the  various  modules,  and  stored  into  an 
electromagnetic  analysis  library.  Hoe  would  reside  routines  to  calculate  diffraction  from  the  edge  of  a 
plate,  diffraction  from  the  rim  of  a  cylinder,  reflection  from  the  surface  of  the  plate  bounded  by  edges,  and 
many  other  similar  functions.  It  is  intoesting  to  note  that  the  first  two  phenomena  identified  above, 
diffraction  from  tbe  edge  of  a  plate  and  diffraction  from  the  rim  of  a  cylinder,  may  be  identical  except  for 
the  inciusion  of  a  factor  to  represent  radius  of  curvature.  A  single  routine  could  replace  two  existing 
routines.  The  resulting  routine  could  possibly  be  further  genoalized  by  including  material  properties  for 
eitho  side  of  the  edge,  and  thus  the  fisnetion  could  be  used  to  calculate  tne  diffraction  from  an  interface 
between  dissimilar  materials. 

The  process  of  integration  (or  disintegration  into  processes  and  libraries  of  functions)  would  be 
applied  to  many  other  codes  The  library  would  evenai'liy  include  formulations  for  finite  element  and  finite 
difference  calculations  for  volumes,  a  host  of  routines  for  various  emerging  asymptotic  techniques  such  as 
shooting  and  bouncing  rays,  and  routines  for  method  of  moments  computations  involving  differing  basis 
and  testing  functions  each  of  which  is  appropriate  for  varying  geometries  and  observables  of  interest 

In  addition  to  storing  the  individual  functions  or  processes,  the  library  would  also  include  entire 
codes  if  they  are  regularly  needed  to  characterize  a  particular  class  of  problems,  as  well  as  a  set  of  macros 
which  would  be  invoked  to  bring  together  the  various  individual  processes  to  form  an  analysis  tool  to  be 
applied  to  a  particular  problem  at  hand.  In  this  way  only  the  minimum  amount  of  computer  resources 
necessary  to  accomplish  a  particular  analysis  would  be  demanded  by  the  dynamically  generated  CEM  tool. 

To  be  sure,  such  a  scheme  places  an  additional  burden  on  the  analyst.  Not  only  must  the 
electromagnetic  model  of  the  system  be  developed,  but  quite  often  a  code  for  the  analysis  may  need  to  be 
developed.  However,  if  designed  and  implemented  properly  the  KB/ES  can  be  used  to  not  only  develop 
a  prototype  electromagnetic  model  but  also  to  "develop"  the  computational  engine  "on  the  fly"  through  a 
dialogic  process  with  the  analyst  When  implemented,  such  a  scheme  would  give  new  meaning  to  the  term 
user  friendly. 

Although  challenging  in  its  design  and  development,  this  radically  innovative  concept  has  many 
advantages.  As  has  already  been  mentioned,  the  dynamically  generated  computational  engine  would  be 
optimum  in  the  sense  of  demanding  a  minimum  amount  of  computer  memory  and  storage  resources.  It  may 
also  have  the  benefit  o'* decreased  execution  time  since  many  unnecessary  checks  and  computations  would 
not  need  to  be  performed,  as  they  are  frequently  executed  in  the  current  stale-of-the-  an  general-purpose 
codes. 

In  addition,  the  maintenance  and  enhancement  of  CEM  tools  would  be  greatly  facilitated  Working 
with  the  routines  for  individual  processes  is  much  easier  than  modifying  a  large  code  such  as  GEMACS  or 
NEC.  The  modularity  of  the  processes  reduces  the  risk  of  coding  error  and  greatly  reduces  the  time 
required  for  the  validation  of  the  code  segment.  Furthermore,  the  change  to  the  algorithm  or  the  CEM 
capability  needs  to  be  accomplished  in  only  one  central  location  instead  of  in  each  individual  stand-alone 
code 

Other  advantages  include  the  ability  to  more  easily  experiment  with  slightly  different 
implementations  of  a  formulation  How  tbe  algorithm  is  developed  can  aff  ect  the  accuracy  of  the  results 
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or  the  amount  of  time  required  for  its  execution  Thus,  trade-off  studies  among  competing  code  designs 
can  be  more  easily  accomplished,  and  sensitive  elements  of  the  theory  and  algorithm  can  be  identified  and 
quantified.  Also,  advances  in  the  state-of-knowledge  in  electromagnetics,  computer  hardware  and  software 
technology,  compulations!  mathematics,  and  other  CEM-related  disciplines  can  more  easily  and  quickly 
be  incorporated  into  the  environment  and  transitioned  for  use  by  the  community. 

The  task  is  indeed  monumental,  but  the  rewards  for  accomplishing  the  development  of  an 
electromagnetic  library  of  routines  are  even  greater  when  viewed  from  the  perspective  of  short-term  gains 
in  the  ability  to  characterize  a  system  and  the  long-term  gains  in  ease  of  maintenance  and  enhancement 

One  Possible  Approach 

There  are  many  considerations  which  must  be  addressed  in  the  development  of  the  EMSES, 
whether  or  not  the  innovative  concept  for  the  computational  engine  is  included  in  the  design  of  the 
environment.  Some  of  these  focus  on  the  component  factors  of  input  processing,  the  computational  engine, 
and  output  processing;  and  some  are  directed  toward  the  many  system-level  factors  involved.  Some  of  the 
many  considerations  are  shown  in  figure  ?. 


Component factors 


INPUT  PROCESSING 

•  Database  Interlace 
«  Generate  EM  Model 

•  User  Interface 

•  Visualization 

•  Physical  Measurements 

•  Electrical  Parameters 

•  Modeling  Elements 

•  Data  Formats 

COMPUTATIONAL  engine 

■  Metnod  ot  Moments 

•  Unrlorm  Theory  olQillractron 

■  Frnte  Qillerences 
|  •  Pirate  Elements 

j  •  Physical  Optics 

•  Pnyscal  Theory  ol  Diffraction 
|  •  Characteristic  Modes 

[  ■  Time  &  Frequency  Domains 

•  Hybridization 

OUTPUT  PROCESSING 

•  Daiabase  Interface 

•  User  Interface 

•  Data  Reduction 
■  Data  Formats 

•  "yoes  ol  Observables 

•  Presentation  Formats 

•  Hardware  Interlaces 

STSiTEM  FACTORS 

•  Computet  Platforms 

•  Programming  La"guages 

•  Operating  Systems 

•  Graphics  Standards 

•  Database  Scnema/Query 


•  Security 

•  Propr  etary  Data 

•  Documentation 

•  Training 

•  assets  m  Place 


•  Maintenance,  Testing,  &  Distribution 

•  Contigurat  on  Control 

•  Transportability 

•  Admin  shalron  SConlro 


Figure  3.  Some  Design  Considerations  for  EMSES 


This  is  an  intimidating  list  However,  much  of  the  groundwork  has  been  laid  by  the  Microwave  and 
Millimeter- Wave  Advanced  Computational  Environment  (MMACE)  being  developed  under  the  sponsorship 
of  the  Naval  Research  Laboratory  (NRL)  [4]  This  framework  is  conceptually  depicted  in  figure  4. 
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Figure  4  Microwave  and  Millimeter-Wave  Advanced  Computation?1  Environment  (MMACE) 

An  overview  of  the  MMACE  framework  it  described  in  the  referenced  paper  It  it  significant  that 
this  program  has  resulted  in  a  prototype  which  demonstrates  that  it  is  possible  to  design  and  develop  a 
computational  shell  which  can  support  several  diverse  analysis  disciplines  and  provide  a  somewhat  seamless 
interface  among  them 

Itiibeyond  the  scope  of  this  paper  to  provide  any  detail  regarding  the  MMACE  homework.  The 
interested  CEM  scientist  is  encouraged  to  read  the  referenced  paper  and  contact  NRL  for  more  details 

There  a<e  several  comments  which  should  be  explicitly  stated.  First,  the  CEM  community  can 
replace  the  existing  design  and  analysis  tools  (shown  in  the  clear  box  in  figure  4)  with  one  or  more  of  the 
tools  for  electromagnetic  analysis  This  would  be  either  stand-alone  codes  or  the  suggested  library  of 
macros  and  functions  shown  in  figure  2.  It  is  true  that  initially  the  tools  would  need  to  be  wrappered  in 
specially  developed  pre-  and  post -processors  However,  as  new  tools  lire  developed  their  input  and  output 
elements  would  be  tailored  during  the  design  process  to  meet  the  standuds  being  established  by  the 
MMACE  developers  The  integration  of  CEM  tools  and  capabilities  would  be  an  orderly  and  logically 
incremental  progression 

Furthermore,  and  quite  important,  is  the  fact  that  the  MMACE  framework  is  currently  being 
defined,  designed,  and  developed  Standards  ire  in  the  process  of  being  refined  and  extended  They  are 
currently  prototypes  developed  specifically  to  match  the  needs  of  the  vacuum  electronics  design 
community  They  are  open-ended  and  unconstrained  CEM  community  requirements  have  an  opportunity 
to  impact  the  direction  and  content  of  the  standards. 

The  MMACE  framework  is  totally  government-owned,  and  the  "buy-in"  cost  has  been  kept  to  a 
minimum  The  analysis  tools  may  eventually  include  company-proprietary  products,  but  the  advantage  of 
the  system  is  that  this  can  be  costly  accommodated,  The  significance  is  that  an  analyst  can  use  a  tool  with 
which  he  or  she  is  familiar  and  has  on  hand  If  any  factor  regarding  EMSES  is  significant,  this  one  is  surely 
at  the  top  of  the  list 
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Conclusion 


There  can  really  be  no  conclusion  at  this  point.  Tliert  must  be  further  thought  and  discussion  given 
to  this  topic.  New  codes  and  specialized  codes  continue  to  be  sponsored  and  de  eloped.  Existing  codes, 
such  as  GEMACS,  continue  to  be  enhanced.  In  both  instances  a  costly  and  time-consuming  process  is 
being  carried  out. 

It  is  time  for  the  CEM  community  to  review  how  ft  docs  business  The  Applied  Computational 
Electromagnetics  Society  (ACES)  is  an  excellent  and  logical  forum  in  which  this  review  can  be  pursued. 
This  author  is  leaning  heavily  towards  the  use  of  the  MMACE  framework  as  a  starting  point,  since  there 
is  no  gain  in  doing  again  what  has  already  been  done.  If  there  are  other  ideas  and  approaches,  then  it  is  an 
obligation  of  those  who  have  them  to  bring  them  forward. 
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RESULTS  USING  IML  WITH  A  NEW  CFIE 
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Thousand  Oaks,  CA  91360 

The  impedance  matrix  localization  method  (IML)  uses 
a  somewhat  unusual  choice  of  basis  and  testing  functions  in 
the  method  of  moments  (McM).  These  basis  functions 
radiate  very  narrow  beams  resulting  in  a  sparse  matrix  with 
distinct  and  highly  localized  peaks.  A  synergistic 
combination  of  IML  and  the  combined  Held  integral 
equation  is  presented  here.  This  combination  makes  the 
impedance  matrix  banded.  That  is,  all  matrix  elements 
greater  than  some  distance  from  the  diagonal  (this  distance 
will  be  called  the  bandwidth)  are  approximately  equal  to 
zero.  Furthermore,  within  this  bandwidth  the  great  majority 
of  the  matrix  elements  are  also  equal  to  zero. 

This  formulation  has  been  discussed  previously  (Radio 
Science,  December  1993).  In  this  paper,  some  of  its 
computational  consequences  will  be  explored.  For  example, 
for  a  convex  body  the  excitation  is  non  zero  only  on  the  lit 
side  of  the  body.  This  is  notably  similar  to  high  frequency 
approximations  such  as  the  geometrical  theory  of  diffraction 
(GTD).  The  banded  nature  of  the  impedance  matrix  also  may 
be  thought  of  as  being  similar  to  GTD.  The  excitation  on  the 
lit  side  propagates  in  a  local  manner  to  the  shadow  side.  The 
word  local  is  interpreted  as  meaning  local  within  a  region  of 
size  corespouding  to  the  bandwidth  of  the  matrix.  Because  of 
this  locality  the  factorization  of  the  impedance  matrix  is  also 
a  local  operation.  Examples  are  given  illustrating  the 
resulting  computational  efficiency. 

In  the  past,  the  primary  advantage  to  the  combined  field 
integral  equation  (CFIE)  over  the  electric  field  integral 
equation  (EFIE)  and  the  magnetic  field  integral  equation 
(MFIE)  has  been  regarding  the  interior  resonance  problem. 
That  is,  for  closed  perfecting  conducting  bodies  there  are 
discrete  frequencies  at  which  resonant  interior  modes  occur. 
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The  MFIE  and  EF1E  may  have  zero  eigenvalues  at  such 
frequencies  leading  to  stability  problems  near  such 
frequencies.  The  CF1E  has  been  proven  to  have  no  zero 
eigenvalues.  However,  ir.  general  there  are  no  bounds  about 
how  far  from  zero  the  eigenvalue  must  be.  Many  papers 
have  been  written  on  choosing  the  combination  parameter 
to  improve  the  sf> Deration  of  the  eigenvalue  from  zero. 
Intuitively,  the  C  works  by  decreasing  the  interaction  of 
the  incident  field  h  the  interior  of  the  body.  This 
decrease  is  very  small:  generally  the  interaction  strength  is 
not  even  halved.  The  new  CFIE  used  here  decreases  the 
interaction  by  several  orders  of  magnitude.  Numerical 
results  are  presented  showing  how  the  condition  number  of 
the  resulting  matrix  has  been  improved  due  to  the  much 
weaker  interaction. 
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I.  Introduction 

The  general  lied  exponential  integral  is  one  of  the  most  fundamental  integrals  in  antenna 
theory  and  for  many  years  exact  solutions  to  this  integral  have  been  sought.  This  paper  considers 
an  exact  solution  to  this  integral  which  is  completely  general  and  independent  of  the  usual 
restrictions  involving  the  wavelength,  field  point  distance,  and  dipole  (segment)  length.  The 
genenliied  exponential  integral  has  traditionally  been  evaluated  numerically  or  by  malting  certain 
convenient  but  restrictive  assumptions.  The  exact  series  representation  presented  in  this  paper 
converges  rapidly  in  the  induction  and  near-field  regions  of  the  antenna  and  therefore  provides  an 
alternative  to  numerical  integration.  It  is  demonstrated  that,  for  very  thin  straight-wire  .  ntennas, 
an  asymptotic  expansion  can  be  used  to  obtain  a  numerically  convenient  form  of  the  generalized 
exponential  integral.  One  of  the  major  advantages  of  this  expansion  is  that  it  eliminates  the  need 
to  directly  evaluate  Bessel  functions  of  the  first  kind  in  the  computation  of  the  series  representation 
for  generalized  exponential  integrals, 

□.  Theory 

In  this  section  an  exact  solution  to  the  generalized  exponential  integral  associated  with  a 
uniform  current  thin-wire  vector  potential  will  be  introduced  which  is  useful  for  computational 
purposes.  Suppose  we  have  a  cylindrical  antenna  which  has  a  length  of  2h  and  a  diameter  of  2a. 
The  geometry  for  such  an  antenna  is  illustrated  in  Fig.  1  of  [1].  The  vector  potential 
corresponding  to  this  antenna  may  be  expressed  in  the  form  [1 ,2] 
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The  cylindrical  coordinates  of  the  source  point  and  the  field  point  are  (a,  and  (p,$,z) , 
respectively. 

An  *xact  expression  for  the  cylindrical  wire  kernel  (2)  has  recently  been  found  [1,3].  For 
thin-wire  a. Hennas,  however,  die  kernel  in  (2)  may  be  approximated  by  [2] 

K(z-z')  -  ~  for  p  a  a  (6) 


where 

R  -  /(a-z1)1  ♦  p 1  to 

If  a  uniform  current  distribution  of  /(z')  -  l0  is  assumed  in  conjunction  with  the  thin-wirc 
approximation  of  the  kernel,  then  the  vector  potential  (1)  becomes 

A,(p,z)  -  ^  E°0(p,z,h)  ,  p  a  a  <*> 

where 

E;(p,z,h)  -  /  ~  <**'  to 

-a  R 

is  a  generalized  exponential  integral  [4,3,6]. 

By  applying  the  techniques  developed  in  [1]  and  [7],  an  exact  solution  to  (9)  may  be  found. 
This  exact  solution  is  represented  in  compact  form  by 
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where  the  minus  sign  is  used  when  z  S:  0  and  the  plus  sign  is  used  when  tsO.  The  quantities 
found  in  (10)  are  given  by 
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If  the  propagation  constant  <  is  complex,  then  the  Bessel  functions  which  arc  present 
in  (10)  have  complex  arguments.  This  situation  may  arise  when  an  antenna  is  immersed  in  a 
dissipative  medium.  If  the  antenna  is  in  free  space,  however,  the  propagation  constant  is  real  and 
the  Bessel  functions  in  (10)  arc  real  valued. 

Suppose  that  the  propagation  constant  k  is  real,  then  the  generalized  exponential  integral  (9) 
may  be  separated  into  its  real  and  imaginary  parts.  This  leads  to 

E?(p.z,h)  -  C“(PAh)  -  j  SCo(pAh)  «*> 


where 
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is  a  generalized  cosine  integral  and 
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is  a  generalized  sine  integral.  Exact  solutions  to  these  integrals  may  be  readily  obtained  by 
equating  the  real  and  imaginary  parts  of  (18),  namely  (19)  and  (20),  to  the  real  and  imaginary 
pans  of  (10).  Following  this  procedure  results  in 
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where  the  plus  and  minus  signs  are  used  when  j  S  0  and  j  i  0,  respectively . 

A  useful  asymptotic  expansion  of  (9)  results  when  the  small  argument  approximation  for 
Bessel  functions 


J,(kp)  *  as  kp  -  0 


123) 


is  substituted  into  (10).  This  yields  an  expression  which  is  accurate  for  small  values  of  kp ,  given 
by  [1] 
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and  for  |z|  s  h,  we  have 


For  Ihc  special  case  when  z=0,  (34)  reduces  to 
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and  7  =0.57721...  is  Euler's  constant. 
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□I.  Results 


The  convergence  properties  of  (24)  have  been  investigated  in  [1].  It  was  found  that  this 
series  expansion  is  extremely  accurate  for  values  of  pit  lx  10"*X.  This  suggests  that  (24)  would  be 
useful  for  modeling  very  thin  straight-wire  antennas,  especially  since  many  of  the  conventional 
methods  for  evaluating  the  generalized  exponential  integral  suffer  from  loss  of  precision  when  the 
wire  radius  becomes  too  small.  The  number  of  terms  in  (24),  including  the  zero-order  term, 
required  to  achieve  five  place  accuracy  in  the  magnitude  of  the  generalized  exponential  integral  as 
a  function  of  z/X  are  indicated  in  Figure  1.  The  X’s  and  the  O’s  represent  numbers  which 
correspond  to  values  of  h/\«2.5xlO,!  and  2.5x10^,  respectively.  The  results  contained  in 
Figure  1  are  valid  for  the  range  0<p/X£  IxlO4. 
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Figure  1.  Minimum  number  of  terms  in  (24),  including  the  zero-order  term,  required  to 
achieve  five  place  accuracy  in  the  magnitude  as  a  function  of  z l\. 
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I.  IntroducSioa 

The  cylindrical  wire  kernel  possesses  a  singularity  which  must  be  properly  treated  in  order  to 
evaluate  the  uniform  current  vector  potential.  Traditionally,  the  lingular  part  of  the  kernel  is  extracted 
resulting  ki  a  slowly  varying  function  which  it  convenient  for  numerical  integration.  This  paper  provides 
some  new  accurate  and  computationally  efficient  methods  for  evaluating  the  remaining  singular  integral.  It 
is  shown  that  this  double  integral  may  be  convened  to  ■  tingle  integral  which  no  longer  possesses  a  singular 
integrand  and  consequently  may  be  efficiently  evaluated  numerically.  Tbit  form  of  the  integral  is 
independent  of  the  relictions  involving  wire  length  and  radius  which  are  inherent  in  various 
approximations.  Also  presented  is  a  highly  convergent  exact  series  representation  of  the  integral  which  is 
valid  except  in  the  immediate  vicinity  of  the  singularity.  Finally,  a  new  intermediate  wire  approximation  is 
introdi-ced  which  is  found  to  be  an  improvement  over  the  classical  thin  wire  approximation.  It  is 
demonstrated  that  "wh  of  these  methods  provides  extrmeiy  accurate  is  well  as  efficient  results  for  a  wide 
range  of  wire  radii  and  field  point  locations 

II.  Theory 

The  vector  potential  associated  with  a  cylindrical  wire  (segment)  of  length  A  and  radius  a  is  given 

by  111 


a 

1 

A.  «  "  /  1.(10  Kd-a^dz' 

2 


<D 


where 


Kd-xO 


_L  f 

2it  i%  Rd-i',*') 


(2) 


represents  the  cylindrical  wire  kernel,  in  which 
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R(z-z',4>/)  •  +  pJ  +  »1-2p»co«$/ 


The  integrand  in  (2)  contains  a  singularity  which  may  be  extracted  by  expressing  the  cylindrical  wire  kernel 
in  the  form  [2] 
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For  the  situation  in  which  the  current  is  assumed  to  be  uniformly  distributed  over  the  surface  of  the  wire, 
i.e.  lfi!)  «  /„  the  expression  for  the  vector  potential  (1)  reduces  to 
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The  second  integral  has  a  very  slowly  varying  integrand  and  may  be  readily  evaluated  numerically.  The 
frrtt  integral,  bowev,  r,  poascetea  a  singular  integrand  when  p“a,  z and  ct.'=0.  For  this  reason, 
methods  for  evaluating  integrals  of  the  form 
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are  of  considerable  interest  from  the  computational  standpoint.  This  paper  will  introduce  and  compare 
several  new  techniques  developed  for  evaluating  integrals  of  the  type  given  in  (6). 


If  the  change  of  variables  (  «  z  -  i  and  6  *  #12  is  applied  to  the  integral  (6)  when  a,  then  it 
follows  that 
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with  z  -  A/2  and  £,“Z+ A/2. 
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Intcrrhanging  the  order  of  integration,  evaluating  the  inner  integral,  and  introducing  the  change  of  variables 
v-(4 lw)0  -  1  leads  to 
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where  a,«2a/f ,  and  Oi”2a /{,.  The  restriction  on  the  range  of  validity  of  (9)  to  positive  values  of  z  only, 
i.e.  z>  A/2,  can  be  easily  removed  to  include  negative  values  of  z  as  well  by  malting  use  of  the  identity 
l(a^r,A)“I(a,  |z|  ,A),  which  it  valid  for  |z|  >  A/2.  A  similar  procedure  can  be  followed  for  the  special 
cate  where  z  «  0.  The  result  for  this  cate  is  found  to  be 
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where  a  “  a/'A  Equations  (9)  and  (10)  ate  in  a  convenient  form  for  application  of  numerical  integration 
techniques  because  their  integrands  are  i datively  smooth  and  do  not  contain  singularities.  The  form  of 
these  integrals  are  particularly  well-suited  for  numerical  integration  using  a  Gaussian  quadrature  technique. 
One  significant  advantage  offered  by  (9)  and  (10),  when  compared  with  the  conventional  form  of  /  [3],  is 
that  they  do  not  acquire  the  evaluation  of  dliptic  integrals. 

A  useful  approximation  to  /  has  been  derived  in  {4].  This  approximation  was  found  to  be 

7(a,z,A)  ■  tn  ({,/«,)  ♦  2  a,z,A)  ,  z  >  A/2  (U) 


where  is  the  well-known  dusted  thin  wire  approximation  given  by  15] 
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Hence,  (11)  may  be  thought  of  as  an  extended  thin  wire  or  intermediate  wire  approximation  Similarly,  it 
was  shown  that  for  the  important  case  when  z  >  0,  the  intermediate  wire  approximation  takes  ’he  form 
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is  the  corresponding  thin  wire  approximation. 
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A  power  tenet  expansion  of  1  was  derived  by  Butler  [6]  for  the  z  =  0  cats,  which  converges 
provided  A/a  >  4.  This  expansion  is  given  by 

***>  ■ » *•  (t)  *  ’■  j,  (?)  [i r  ’  4,1 '  *  “s 

A  useful  appwximatioo  mny  be  obtained  from  (IS)  by  retaining  the  logarithmic  term  and  the  fust  two  terms 
of  the  series  expansion.  This  leads  to 
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An  exact  expression  for  the  integral  /  was  found  in  [4] 
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|z|  >  A/2.  This  exact  rapseseniation  is 
[*a  +  “x 


/(p,z,A)  -  Vi 


x.  +  u, 


£ 

n«l 


W 


p*(p’ 

.p +»j 


e,A) 


p  *  a 


(»7) 


wherr 


F.(p,z,A) 


08) 


u  -  +xJ 


(19) 


ft  x,  =  (,/(p+t),  x,-fj/(p+i),  u  and  u 7"\JT+x}.  A  recurrence  relation  exists  which 

provides  a  computationally  efficient  method  for  calculating  the  integrals  F.  defined  in  (18).  The  form  of 
this  recurrence  rdttion  was  found  to  be 

F.  '  [*7  w*'1  -  *,a/u,>*“1  +  2(o-l)F..,]  ,  n  i  2  (20) 


where 

F(  -(stj/tij)  -  (x,/Uj)  CD 

An  approximation  of  i  may  be  obtained  by  retaining  the  logarithmic  term  and  the  first  two  terms  in  the 
scries  expansion  (17).  The  resulting  expression  is 
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When  (17)  reduces  to 
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where  x,  —  £,/2a  and  Xj  «  t-J 2a.  The  corresponding  expression  for  (22)  when  p—a  is  given  by 
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which  is  primarily  useful  when  A/ ai4  and  z/Ai  1. 

111.  Results 


At  the  point  z«0,  four  methods  were  used  to  evaluate  the  uniform  current  vector  potential  integral 
of  the  isolated  singularity  associated  with  the  cylindrical  wire  kernel.  Equation  (10)  was  computed  using  a 
three  point  Gaussian  quadrature  numerical  integration  technique,  while  (13),  (14)  and  (16)  give  the 
intermediate  approximation,  the  thin  wire  approximation  and  the  three  term  approximation  of  the  power 
series  expansion  derived  by  Butler  (6J,  respectively.  Plots  of  the  relative  percent  error  for  the  various 
methods  venue  the  segment  length -to-radius  ratio.  A/a,  are  shown  in  Figure  I .  As  a  basis  of  comparison 
(10)  was  numerically  integrated  to  a  sufficiently  high  degree  of  accuracy.  Clearly,  ihi  intermediate 
approximation  and  the  three  term  Butler  series  have  lower  percent  errors  than  the  thiu  wire  approximation 
across  the  entire  range  of  A/a.  This  becomes  significant  as  A/a  approaches  4  (thicket  wires)  where  the 
error  associated  with  the  thin  wire  approximation  exceeds  IK.  The  three  term  Butler  scries  proves  to  be 
extremely  accurate  and  has  the  lowest  error  of  the  four  methods  for  very  thin  wires  (A/a  t  30).  However, 
the  three  point  Gaussian  quadrature  and  the  intermediate  approximation  also  give  acceptable  errors  in  this 
range.  For  thicker  wires,  foe  three  point  Gaussian  quadrature  is  superior  and,  because  no  assumptions  were 
made  in  modifying  foe  integral  to  foe  form  given  in  (10),  Ari  can  be  extended  below  foe  ratio  of  4  and  Mill 
achieve  very  accurate  results. 


When  z  is  not  in  foe  imnmdiale  vicinity  of  foe  singularity,  foe  Butler  aeries  expansion  (13)  is  no 
longer  valid,  but  can  be  replaced  by  foe  forte  term  approximation  (24)  of  foe  exact  series  representation 
defined  in  (23).  A  contour  plot  of  foe  relative  percent  error  as  a  function  of  A/t  and  z/A  for  foe  three  term 
approximation  (24)  is  shown  in  Figure  1.  Also,  a  three  point  Gaussian  quadrature  numerical  Integration  of 
(9)  is  valid  as  well  as  foe  intermediate  and  thin  wire  approximations  of  (11)  and  (12),  respectively.  Figure 
3  shows  a  contour  plot  of  foe  relative  percent  error  associated  with  the  three  point  Gaussian  quadrature 
approximation  of  (9). 
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Figure  1.  Relative  Percent  Error  Versus  A/a  Associated  With  Various  Techniques  for  Evaluating  the 
Integral  (6)  When  o— a  and  z*0. 
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Contour  Plot  of  the  Relative  Percent  Error  Associated  With  the  Three  Point  Gaussian 
Quadrature  Approximation  of  (9). 


A  Parallel  Implementation  of  a  Thin  Wire  EFI£  Code 
A.  Tinnfamood,  AM.  Tyrrell,  SH.Goudc1 
Unlrranrity  of  York 
England 

Abstract  -  A  key  problem  with  ill  CEM  techniques  is  the  increasing  computer  time  required  lor  evaluation  of 
electrically  huge  structures,  m  frequency  domain  techniques  (such  as  the  NEC  code)  computer  time  ctm  be  proportional 
to  the  sixth  power  of  frequency  (for  the  time  domain  there  is  a  fourth  order  dependency).  This  provides  a  serious 
limitation,  which  can  be  alleviated  by  using  problem  symmetry,  hybrid  methods  (such  as  MuM  and  G'lD)  or  distributed 
processing.  This  paper  investigates  the  latter  as  a  means  of  solving  time  domain  integral  equation  (TDlli).  In  particular 
it  will  look  at  the  implementation  ot  a  thin  wire  EF1E  on  a  transputer  network,  providing  results  to  demonstrate  the 
processing  gain  power  available  from  such  a  system. 

Introduction 

Computational  Electromagnetics  (CEM)  now  oilers  i  viable  alternative  to  measurements  and  mathematical  analysis  for 
solving  antenna,  scattering  and  coupling  problems  [  1 ). 

Typical  applications  include: 

•  Self  and  mutual  impedance  for  antenna*. 

»  Antenna  radiation  patterns. 

•  Shielding  effectiveness  calculations  tor  resonant  cavities  with  apertures. 

•  Cross  talk  evaluation  on  multi-conductor  transmission  lines. 

«  Near  and  far  electric  and  magnetic  field  calculations  for  immunity  and  susceptibility  studies. 

•  Scattering  from  solid  conducting  and  dielectric  bodies 

There  arc  two  main  disciplines  in  CEM,  finite  techniques  such  as  Unite  element,  Unite  difference!  I  .md  the  TLM 
method^),  and  integral  equation  techniques  formulated  from  the  mclhod  of  moments  (MoM).  A  complementary 
approach  to  the  formulation  of  EM  problems  arises  trom  each  of  these  techniques.  Maxwell's  equations  when  expressed 
os  integrals  can  be  manipulated  to  form  the  electric  and  magnetic  field  integral  equations  (EFIE  and  MHE).  IHs  are 
solved  to  find  the  current  response  on  the  surface  of  the  body  as  a  result  on  an  excitation  field.  As  they  represent  the 
solution  (o  a  surface  integral  (as  oppoted  to  a  volume  integral  In  finite  techniques)  the  dimensionality  of  the  problem  is 
reduced  by  one.  The  radiated  field  from  the  body  can  be  calculated  from  u  knowledge  of  currents  on  all  segments  on  that 
body.  An  antenna  response  pioblem  can  be  modelled  by  driving  one  or  niuic  of  the  segments  on  ihc  surface.  An 
incident  field  can  be  simulated  by  inducing  currents  on  all  segments  of  the  body.  Radar  cross  section  (KCS)  and 
scattering  problems  can  therefore  be  evaluated  An  additional  advantage  of  If  solutions  is  (hat  radiation  boundary 
conditions  arc  implicit  (a  problem  often  encountered  in  finite  difference  methods). 

Although  the  dimensionality  of  the  problem  has  been  reduced  by  one  the  computer  lime  and  memory  requirements 
restrict  the  size  of  the  problem  which  can  be  modelled.  In  frequency  domain  techniques  (such  us  the  NEC  code) 
computer  time  can  be  proportional  to  the  sixth  power  of  frequency  (for  the  time  domain  there  is  a  fourth  order 
dependency)!  1].  This  limits  the  us:  of  IE  techniques  for  evaluation  of  electrically  large  structures.  Whilst  this 
limitation  can  be  alleviated  by  using  problem  symmetry  or  hybrid  methods  (such  as  MoM  or  GTD)  performance 
increases  can  be  achieved  by  the  application  of  parallel  processing.  This  paper  uses  the  Pucklington  IE  (4]  to 
demonstrate  how  the  application  of  parallel  processing  can  provide  faster  solution  rimes. 
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The  fine  grain  structure  of  finite  technique*  (with  only  local  communications),  make  them  highly  suitable  for 
implementation  on  parallel  processing  networks.  A  great  deal  of  work  has  been  carried  out  on  the  implementation  of 
FDTD  and  TLM  on  multiple  procc*sow[5,6]. 

The  EFCB  and  the  MFIE  can  be  solved  in  both  the  frequency  or  time  domain.  Frequency  methods  result  in  a 

dense  matrix  equation,  expressing  the  interaction  between  all  segments.  Bach  solution  provides  information  at  ooc 
specific  frequency.  Solution  in  the  time  domain  however  can  yield  a  broad  band  frt^'teacy  response  using  a  inarching- 
in-time  method,  removing  the  need  to  solve  e  dense  matrix  equation.  Some  mention  has  given  to  fast  parallel  solvers 
for  use  with  frequency  domain  techaiques[5,7J.  Relatively  little  attention  has  been  paid  to  the  parallel  implementation  of 
time  domain  integral  equations,  in  the  time  domain  the  interaction  between  all  the  segments  is  expressed  is  retarded 
currents.  The  finite  time  interval  between  the  cause  and  effect  of  these  currents  can  be  exploited  to  aid  the 
implementation  of  TDXEs  on  parallel  processors 

TDIE  Techniques 

This  section  demonstrates  how  the  HFIE  can  be  used  to  model  a  simple  wire  grid  structure.  Bach  of  the  four  elements 
(radius  r,  length  I)  in  the  multiple  tmy  antenna  (Fig.  1)  is  modelled  using  25  segments  and  was  driven  ou  the  centre 
segment  with  a  Gaussian  pulse  of  magnitude  IV.  Figure  2  shows  the  drive  point  current  of  one  antenna  in  the  array. 
This  agrees  with  the  results  obtained  by  Martin  et  al[6]  when  modelling  the  tame  problem. 
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Figure  2  ;  Drive  point  current  for  one  element  of  the  array 
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The  TD1£  produces  a  space  time  history  of  the  currents  on  each  segment  of  the  wire  structure.  The  drive  point  current 
(Fin  -)  represents  a  slice  of  this  at  the  drive  point.  Using  a  Fourier  transform  on  both  the  current  waveform  and  the 
drive  voltage  the  input  impedance  (Fig.  3)  of  the  structure  can  be  found  by  complex  division. 


Fraqmncy  (Hi)  x  10 


Figure  3  :  Input  Impedance  of  the  structure 

The  Pocklington  IE 

The  Pocklington  IE  code  is  a  three  dimensional  code  which  can  be  used  to  model  an  arbitrary  structure  of  wires.  The 
physical  structure  is  described  by  the  positioning  oi  nodes  and  the  description  of  the  wires  connecting  them.  This 
ohviously  allows  the  description  of  complex  targets  on  which  the  current  structure  is  evaluated  as  a  result  of  either  an 
incident  field  or  one  or  more  of  the  elements  in  the  problem  being  excited.  The  interaction  between  individual  elements 
in  the  problem  is  evaluated  'xto tt  commencing  the  time  marching  algorithm,  thus  the  physical  structure  is  Independent 
of  the  functionality  in  the  time  marching  algorithm. 


The  current  in  space  and  time  can  be  approximated  by 

s.  - 

i-t  /«) 

where  /y  (0,0)  =  ti(  is  the  current  at  the  centre  of  the  i-lh  space  segment  (from  u  total  of  Ny  )  und  where 


£/(*’-*,)  =  n  u  ■ 

0,  otherwise 


V(/'—f  )  —  >  ' 

[  0,  otherwise 

where  A,  and  6^  are  the  lengths  of  the  space  segment  i  and  time  step  j  resp-  ctivcly  centred  at  and  t ; .  The  operation 
of  the  time  inarching  algorithm  can  be  explained  with  reference  to  figure  4.  This  shows  the  time  history  tor  a  single 
straight  wire,  and  the  retarded  currents  necessary  ior  evaluation  of  one  space  segment.  A»  the  onset  of  the  algorithm  fill 
the  currents  in  this  array  are  zero  and  the  array  is  filled  with  retarded  currents  us  the  algorithm  progress. 
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Figure  4  :  Evaluation  of  the  Current  for  a  single  space  *tep 

This  demonstrates  the  way  in  which  all  segments  in  the  problem  arc  required  lor  the  evaluation  ol  a  single  current 
element.  In  the  ease  of  multiple  wires  or  curved  wire  structures  the  same  method  is  used  to  calculate  the  current, 
howf-ar  the  indexing  into  the  array  (Fig.  4)  is  more  complex.  This  indexing  represents  the  lime  delay  between  the 
element  under  evaluation  and  the  retarded  element,  and  care  must  be  taken  to  ensure  that  the  array  is  large  enough  to 
cope  with  the  maximum  time  delay. 

Parallel  Processing  and  the  Transputer 

The  computational  demands  of  many  numerical  methods  are  often  close  tu  the  limits  of  computer  power  available  from 
traditional  serial  machines  (9,  10].  This  demand  together  with  a  demand  tor  increased  problem  size  requiring  more 
memory,  has  prompted  the  use  of  more  novel  processing  techniques.  Commercial.  VLSI,  digital  signal  processing 
devices  provide  dedicated  signal  processing  capabilities  thorough  on  chip  shift  registers,  multipliers  and  accumulators. 
In  general  these  devices  only  support  sequential  programming,  have  awkward  instruction  sets  (not  tending  themselves  to 
high  level  languages)  and  require  assembly  language  programming  to  achieve  good  performance.  An  alternative  is  the 
use  of  dcscrele  components  which  can  be  used  to  construct  bit  sliced  systems.  These  can  be  used  to  provide  primitive 
functions,  such  as  inner  product,  step  or  more  sophisticated  algorithm  specific  functions  (c.g.  transversal  filler).  They  do 
however  required  the  designer  to  resort  to  micro  coding. 

Despite  the  advent  of  these  device*,  in  many  applications  an  adequate,  often  real-time,  response  can  unly  be  achieved  by 
exploiting  the  parallelism  inherent  in  these  algorithms.  Any  algorithm  using  a  sequence  of  processing  steps  in  a  regular, 
repeated  manner  is  a  prime  candidate  for  parallel  implementation,  it  is  therefore  increasingly  common  to  use  networks 
of  processing  cells  configured  into  array  or  vector  processors,  pipelines,  or  more  complex  forms  such  as  systolic  arrays  or 
wavefront  arrays.  The  principle  feature  of  these  structures  is  the  replication  of  processing  cells  to  retted  the  internal 
structure  of  the  underlying  algorithm.  Each  cell  communicates  with  it:,  neighbour(s)  and  it  is  these  communications 
which  synchronise  and  co-ordinate  the  operation  of  the  structure.  Communications  arc  ideally  kepi  local  for  high 
efficiency. 

Transputer* 

The  T414  and  T800  transputers!!  1]  are  powerful  pin-compatible  32-bil  processors,  specifically  designed  for  use  when 
implementing  parallel  architecture's  They  have  four  high  speed  serial  links  supported  by  internal  DMA  channels,  two 
on  chip  timers  and  2  or  4Kbytes  of  internal  fast  (50nS)  static  RAM.  as  shown  in  figure  5.  The  T800,  in  addition  to  the 
CPU  has  a  floating-point  unit  that  can  handle  32  and  64-bit  floating-point  arithmetic.  The  total  memory  space  is  4 
Gigabytes  on  the  T414/TB0U.  The  design  philosophy  is  not,  however,  to  have  u  lot  of  memory  around  a  transputer,  bui  a 
lot  of  transputers  communicating  through  their  lour  dedicated  serial  links  at  speeds  up  to  20  MBiis/5.  No  external 
hardware  is  required  when  connecting  transputers  together. 
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Figure  5  :  The  T400/T800  Transputer 

Many  of  the  traditional  high  level  language*  are  available  to  assist  the  programming  of  the  transputer  together  the 
dedicated  transputer  language  occamIl2].  Occam  is  designed  for  use  with  a  parallel  system  including  in  its  definition 
constructs  which  provide  a  method  by  which  to  describe  a  parallel  algorithm.  Although  the  parallel  algorithm  discussed 
in  this  paper  was  written  using  this  language,  there  are  alternatives  to  occam  in  the  form  of  existing  high  level  serial 
languages  with  functions  to  enable  the  interaction  between  concurrent  processes.  Although  these  languages  (such  as  C. 
C++  and  FORTRAN)  are  not  specifically  designed  to  program  a  parallel  system  they  cun  be  used  to  write  more  portable 
code  (Occam  code  can  only  be  used  on  the  Transputer). 

A  key  measure  of  the  performance  of  a  parallel  algorithm  is  its  efficiency  which  is  defined  as  follows 

r\  =  — X100% 

Th  xn 

where  7J  and  Tn  arc  the  execution  lime  on  1  and  n  processors  respectively 

This  measure  is  affected  by  the  ratio  of  computation  to  communication  and  stresses  to  point  made  above  that 
communication  must  be  minimised. 

Implementation 

This  section  shows  how  the  TD1E  can  be  distributed  acioss  a  number  of  transputers  and  gives  results  demonstrating  the 
efficiency  of  this  algorithm.  The  transputers  arc  configured  as  u  doubly  linked  pipeline  (Fig  6).  providing  un  expandable 
and  flexible  network  of  processors.  The  calculation  is  divided  across  the  network  by  assigning  each  processor  a  section 
of  the  wire  structure.  This  processor  must  then  calculate  and  store  the  currents  on  this  section  of  the  problem. 


Figure  6  :  The  doubly  linked  pipeline. 

To  carry  out  its  calculation  each  processor  requires  retarded  currents  in  the  fuim  of  previously  calculated  values  from  all 
segments  in  the  problem.  Most  of  these  values  will  be  stored  on  other  processors  und  it  would  appear  necessary  to 
communicate  these  values  across  the  processor  network.  However  with  careful  algorithm  design  it  is  possible  for  each 
processor  in  the  network  to  carry  out  a  calculation  based  upon  the  values  stored  on  that  processor  for  each  of  the  other 
processors.  The  result  of  this  calculation  is  then  passed  along  the  pipeline  to  the  rclcvunl  processor.  This  minimises  the 
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communication  as  now  only  the  result  of  a  calculation  is  passed  a  opposed  to  a  series  ul  values  required  for  that 
calculation.  This  is  best  expressed  graphically  with  reference  to  a  single  straight  wire. 


Prws»«cr  l  Procewof  2  Proc**«w  3  Pro«***oc  4 


Evaluated  for  processor  3 


EvaliMJctbn  proewor  3 
for  prix.(»ui  2 


Evaluated  on  proctor  3 
for  pruoc.oui  I . 


Figure  7  :  The  distributed  calculation 

Figure  7  shows  half  of  the  calculation  of  the  current  for  one  space  step,  demonstrating  how  processor  3  carries  out 
calculations  from  processor?  1  and  2.  A  similar  calculation  is  carried  out  for  currents  to  be  passed  in  the  other  direction 
but  is  omitted  from  the  diagram  tor  clarity.  Notice  that  during  this  step  each  processor  will  evaluate  the  current  on  one 
segment,  hence  of  four  processors  are  used. 

This  algorithm  running  on  the  transputer  system  allow  a  scalable  number  of  processors  to  be  added  to  the  system.  As 
more  processors  are  added  this  increases  the  <ot£l  amount  of  memory  and  computational  power  available  thus  allowing 
larger  problems  to  be  solved.  Obviously  there  is  a  penalty  incurred  by  implementing  this  algorithm  as  information  must 
still  be  passed  across  the  pipeline.  The  effect  of  this  is  to  reduce  the  efficiency  of  the  algorithm,  and  will  increase  as 
more  processors  are  added  to  the  network.  This  can  be  minimised  by  exploiting  the  fact  that  with  careful  algorithm 
design  the  transputer  can  perform  communication  and  computation  in  parallel 

The  effect  of  adding  processors  to  the  system  upon  speed-up  and  efficiency  is  illustrated  in  figure  8. 

tptad-up  EMtcUncy 


Figure  8  :  Speedup  and  efficiency  of  the  Pocklington  IE  code 


Cooduftioos 

This  work  discussed  in  this  paper  his  shown  that  parallel  processing  can  be  used  to  provide  a  significant  improvement 
in  the  run  time  oPTDIE  codes.  Although  the  Pocklingtor.  IE  is  a  thin  wire  code  the  same  principles  cun  be  applied  to 
surface  patch  IE  codes.  An  ideal  of  the  speed  improvements  involved  with  this  implementation  is  given  in  Tabic  1 , 
These  results  are  the  execution  times  for  the  evaluation  of  the  problem  described  in  figure  I  using  the  Pocklington  IE 


118 


HO]  A,  Feroadez,  J.M.  Litbcru,  IJ.  Nanapro,  M.  Valero- Garcia,  Terformancc  Evaluation  of  Transputer  Systems  with 
linear  Algebra  Problems1',  Microprocessing  and  Microprogramming,  Vol.  32  1991  pp  825-832. 
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MORE  IMPROVEMENT  IN  THE  METHOD  OF  METHOD  OF  MOMENTS 
IN  THE  SOLUTION  OF  POCKLINGTON’ S  AND 
HALLEN’S  INTEGRAL  EQUATIONS 

DR.  F.N.EL-HE FNABI 
ELECTRONICS  RESEARCH  INSTITUTE 
DOKKI  /  CAIRO  /  EGYPT 

ABSTRACT 

A  novel  numerical  method  is  presented  to  solve  Pocklington’*  and 
Halleln's  integral  equations  using  the  lathed  of  moments  applying  extended 
boundary  condition  and  kernel  expansion. 

The  kernel  expansion  used  is  the  sell  known  finite  Fourier  cosine  series 
with  period  of  2L  where  L  is  the  ante  na  length.  Current  expansion  is  chosen 
as  entire  doeain  bases.  The  selection  of  the  weighting  functions  and  inner 
product  domain  are  such  that  sore  simplification  is  reached.  Hence  the 
numerical  r-  nutation  of  the  ispedanco  matrix  is  fairly  fast  and  siaple. 
Results  o'  d  by  this  lethod  agree  with  experimental  and  previous  published 
ones. 


INTRODUCTION 

In  order  to  handle  complicated  problems  using  the  method  of  moments,  it 
is  necessary  to  optimize  the  numerical  solution  procedure  from  the  point  of 
view  of  speed,  cor.ergence  and  accuracy.  This  loads  to  the  careful  study  of 
properties  of  the  various  integral  equation  formulations  and  the  choice  of  the 
basis  and  testing  functions  in  the  solution  methods  and  in  the  exciting  fields 
so  as  to  improve  the  numerical  efficiency  of  a  given  computation.  Also 
desirable  are  techniques  which  are  conceptually  simple  to  apply  (  so  as  to 
minimize  the  programming  time  )  and  which  have  a  wide  band  of  applicability - 

Difficulties  which  frequently  arise  in  the  numerical  solution  of  an 
integral  equation  are  : 

1)  The  first  difficulty  is  the  appearance  of  the  derivatives  outside  the 
vector  potential  integrals  on  the  induced  currents.  For  thin  wires  problem, 
this  appears  when  employing  Pocklington ’ 6  equation  which  is  handled  simply  by 
expanding  the  kernel,  current  and  employing  the  testing  function  such  the 
orthogonalities  are  achieved  so  as  to  end  up  with  no  derivative. 

2;  The  secure  difficulty  is  the  calculation  of  integrations  appearing  in 
the  integral  eqcutioi  -j  which  are  either  calculated  numerically  or  analytically 
if  one  uses  subdomain  basis  and  point  matching  11,2].  This  is  overcome  by 
using  appropriate  kernel  expansion  functions,  current  expansion  basis  and 
propel  weighting  functions. 

I]  The  third  difficulty  is  type  of  exciting  field  where  delta  function 
generator  7*  avoided  since  it  is  not  in  the  range  of  the  operator  of  either 
Hallen's  or  Pocklington  integral  equation  [3,4]  .  Also  the  type  of  feeding 
suggested  by  Harrington  and  others  [5,6]  where  one  or  more  than  one  segment 
represents  the  incident  field  resulting  in  a  solution  which  depends  on  the 
structuie  segmentation.  To  overcome  this  a  frill  of  magnetic  current  is  used 
which  represents  the  field  in  the  aperture  of  a  coaxial  fed  monopole  over  a 
ground  plane. 

Finally  the  method  if  demonstrated  in  the  following  sections. 
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FOftHULATION  OF  THE  PROBLEM 


The  integral  equation  governing  the  cut  lent  l(z')  on  in  axially  syaxetic 
thin  antenna  or  scatterer  under  axially  syeaetric  incident  field  has.  the 
fol lowing  for*  : 

h 

/  K  (z,z‘,R)  I  (z’)dz'  -  f  < z)  (1) 

-h 


where  using  Pccklington's  integral  equation  the  kernel  and  fill  ha*e  the  foras 

2  -j*R 


Ktz.j’.R)  »  (k  + 


2.  a 


17 


and 


=i^Blnc<*> 

tj  o  1  DC 


f  (z) 


(2) 


(3) 


and  using  Wallen's  integral  equation  the  kernel  and  f(z)  are  given  as  : 


-jkR 

K(z,z\R)  -  S-R- -  (4) 

4-ik  *'** 

f(z)-Cx  co*(kz) - 27“  Elnc(*>  /Q  ■inOtU-z*  |  )dz* 

(5) 

ik  "  v/7 77  -  2 pa  coed  +  (777  (6) 

4u».h  as  the  distance  between  the  source  point  and  observation  point  having 
the  cylindrical  coordinates  and  (p>,i)  respectively. 

This  integral  equation  suffer*  fro#  singi  rarity  when  both  observation 
point  and  source  point  ooncide.  To  overcoea  this  ,  extended  line  type  boundary 
condition  1*  employed  baking  use  of  the  feet  that  the  electric  field  vanishes 
on  the  axis  of  the  the  dipole  end  within  the  dipole  surface.  Thus  one  say  take 
the  observation  point  to  be  on  the  axis  of  the  antenna  while  the  source  point 
to  tie  on  the  surface  of  the  antenna.  Hence  R  will  have  the  following  Tori  : 

R  «  \/  a2  +  (z-z'  7  <7> 


and 


with 


TYPE  OF  FEEDING 

Since  Hallen’s  and  Pccklington's  integral  equations  have  Einc  on  the 
right  hand  side  (  where  Einc  represent  the  field  of  the  exciting  source  )  e 
knowledge  of  the  source  ten  eust  be  available.  The  source  Einc  say  be  e 
delta  function  generator  (  EincrvS(z)  )  which  is  useful  tool,  but  it  is  a 
rather  poor  sodel  of  the  actual  physical  situation  when  coapared  with  finite 
sodels  and  presents  difficulties  when  calculating  the  isaginary  part  of  tire 
input  iapedance.  This  arise*  froa  the  feet  that  the  delta  function  generator 
corresponds  physically  to  two  circular  knife  edges  that  are  separated  by  zero 
distance.  Since  such  adjacent  edges  clearly  corresponds  to  infinite 
capacitance,  the  current  at  these  edges  eust  be  infinite.  Fortunately,  as  (vis 
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tain  shown  by  Wu  and  King  1 10J .  the  singularity  in  Hz')  neai  1=0  is 
logdi  ithtic  and  of  very  short  lang.  Since  it  actually  contributes  to  the 
current  in  an  exceedingly  stall  and  physically  teaningless  distance  of  the 
order  of  tagnitude  of  hexp<-l/ka>.  it  say  be,  in  principal.  be  subtracted  out. 
The  retaining  current  tay  then  be  related  to  the  cut  rent  in  the  actual  antenna 
driven  in  physically  realizable  tanner.  Harrington  IS)  introduces  a  finite  gee 
when  solving  by  the  aethcd  of  actants.  Such  source  segoent  or  i.egaents  take 
the  calculation  extreaely  sensitive  to  structure  segeentation.  A  particular 
appropriate  source  is  to  use  a  frill  of  aagnetic  cut  tent  which  represents  the 
electric  field  distribution  in  the  aperture  of  a  coaxial  fed  sore  pole  over  a 
ground  plane.  The  z-coaponant  of  the  electric  field  on  the  axis  of  the 
tcwtopole  resulting  free  such  tcdel  is  given  by  [101  : 


Einc<*>  '  m(b7.T  l  *<»'*>  - 


(8) 


where 


-jkR 


K(a,z) 


Ra  * 


e 

*a 

(9) 

-ikRb 

’  *b 

(10) 

/PT?  , 

(11) 

l/  b2  +  zi 

(12) 

KERNEL  EXPANSION 


The  kernel  of  acRMtion  (1)  it  expanded  in  a  finite  Fourier  eerie*  taking 
use  of  the  feet  that  I  and  z’  enter  only  ee  tguare  tare  of  their  difference. 
Since  h*z*-h  and  Nti’a-h  then  let  t-z-z’  yield*  +2h*i;*-Zh.  hence  e  cosine 
eerie*  over  the  range  {  =-2h  to  K  =2h  it  sufficient  end  the  expansion  for  the 
2Q  base  points  tay  be  written  a*  : 

K(z,z\R)  -  K  (Cr) 

W1 

2  Z  <Veq,C°S(aS£)' 

q-0  4  ^ 

r«-(Q-l) (Q—  2 ) , . . .  , 0, . . , ,U  (13) 

where 


and 


q/Q  “  Oflfln*  » 

-1  otherwisr 


(14) 


(15) 


122 


123 


Choosing  the  weighting  function*  «»  coslqri/lh)  *heie  p  is  taken  44  even 
nuafceri  and  performing  the  necessary  inn*,  product  give* 


2h  M  0 

i  f  ( Z  )  CPS  ( dt  *  I  A  Z  D  1  '  1  /  2  V  1 

-2*  ^  .,,i<3a  q;0  ?  w  (23) 


f  «  Zri 

1pq  ■  r-  4h  C0S(E^  ^‘Se1  dI 


Equation  (24)  i*  calculated  yielding 


I'  -  2h 
pq 


otherwise 


hence  equation  (21)  i&  sieplifiad  in  the  following  for* 

2  h  ^ 

I  f (z)cos(£^)dz  *  2!)  0  I  A  I 
-2h  2h  Pm-1,3  n  mp 

where 

X  .  <hn>  Sin(2j~)co*  (Ej-) 
rop  n (n2-pJ)  * 


p  “  0,2,4,... ,M-1 


In  *  1 , 3 , 5 ,  .  •  .M 


Equation  (27)  1»  »i4»tituted  in  equation  (24)  giving 


S(p)-  Z  A 
m-1,3 


at  sin(?i) 


(n^-p4) 


p-0,2,4 ,... ,M-1  (28) 


S(p).  J - - —  /  f(z)coB(E^)  dz 

8h2Dpcos(EJ)  -2b  2h 

p  -  0,2,4,. ..,M-1  (29) 


CALCULATION  OF  THE  SOURCE  TERM 


To  calculate  the  integration  in  equation  (24)  it  i*  necessary  to  specify 
the  type  of  exciting  field.  This  is  considered  the  resulting  field  in  the 
aperture  of  a  coaxial  fed  ecncpole  over  a  ground  plane.  Referring  to  equation 
(29) 
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r 


i 


t 


2h 

f(z) 

-2h 


cesitf^-)  dz 


■ill  have  t*o  fore*  regarding  iooi  (3)  And  (3)  which  recreeent  the  left 
hand  Aide  of  equation  (1)  where  the  z-coeoonent  of  the  incident  electric  field 
on  the  a«i*  of  the  antenna  i*  given  by  : 


-  jkR 


E,  (s*0 ,  j«  0 ,  z )  ■ 


-DltR^ 


2? HW*l  ‘T 


-J  (30) 


while 


end 


■  a 


JT? 


(31) 


vA3- 


(32) 


3ubetitution  of  equation  (30)  in  the  left  hand  tide  of  equation*  (3)  and 
(5)  and  eaploying  in  equation  (2)  ueing  Pocklirtgton '»  integral  equation  give*: 

2h 


S(p) 


•~1~  Ei.iCU)CO*(! 


"Z 


2Z.D  co*(Ej)h2  -2h 


)dz  (33) 


end  ueing  Kalian'*  integral  equation  give* 


S(p)« 


2h 


•hp  CO* (£y) 


i  Cj^  /  co*  (kx)co* 


■2h 


4wik  * 

'  ~t. — _2hfEinc(z)  {  *in(k|*-z'  |  )dz  '  ]  cos  (f^z)  <3z  } 
P  -  0,2,4,. (34) 


The  fir»t  integration  tare  in  equation  (34)  after  fee  manipulation* 
reduce*  to  : 

W.  -  /  cos  (kz)cos  (E^i  )dz  “  4h  ,  §H  “  0 

HP  -2h  2n 


2h  ,  k-  0 


k  * 


sin  <2kh) , 


(35) 
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Th*  second  ter*  in  equation  C  34  >  using  Aowndi*  reduces  to 
4-ik  ‘h 

“Tt".ih£ir.c(z!  .•  sin(k  2-z  '  ;  ■  ccs(E^)dz  - 

Tt  '.2h  Einc!z)c0*:&z)d~X  Einc(*)cos[(2k^)l;dz 


2h 

'_lh  Einc<z)cos[(2k  -  fK)z)Idzi 
Equations  (33)  and  (34)  for 

al  ■  Se 

a2  ■  <k  +  p1 

a3  *  (k"  §K  1 
have  integration  in  th*  fora, 

2h 

F(Y,Z)  -  I  Einc  ( Z )  COS  <Yi)<J4 


-2h 


(36) 

137) 

C38J 

(39) 

(40) 


which  using  aquation  (30)  «ay  be  wr  clan  as  : 

2h  „  2h  "^"b 


1  Einc(z*COI,<'lfZ)dz' 


-2h 


_ 7  r? _ 

jtn(b/a)_'hl  R 


•3kRh 


*  cos  (yz)dz 


(41) 


Th*  integration  in  aquation  (39)  has  bean  carried  out  in  [93  to  be  : 
2li 

-2h  Einc(l)co,<Yz)tlz  -  i^TE7iy  - 


where  fl  satisfies 


a2  -  k2  -  -,-2 


h]2)  ( Bb)  J  (42) 


(43) 


and 


H.(2>(»a)  -  Hiz,(6b)  -  Y.(Sa)  -  Y.(Sb) 


,  <2> 


-j  (J, (9a)-  J. (eb)  k  >  Y 
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|i  in  fb/ 


a ) 


^4  !K.(;a)-  Kj ( it ) ]  k  c  i 


,4  4) 


MATRIX  EQUATIONS 


uaing  pocklington'*  integral  aquation,  equation  (ESI  utilizing  equation 
(S3)  i»  written  in  tha  coapaot  oatria  for* 


[S(p)>iZpni]|Anil  m  -  1,3,5 . S 

p  -  0,2,4, 


(45) 


where 


,  ,mn, 

V  *  -^7“ 


(46) 


utiiKJ  Hallen ’*  integral  equation  let  3'(o>  in  equation  (34)  be  defined  a* 
-I,2  2h 

S'  (P)-  — ‘ - 5 - '  E;  „„(l)co*  (1.  Z/dz- 

1 1  u*r 


2Z.hJD  co«(Kj)  -2h 


2h 


2h 


/  EincU)co»(a2z)dz-  I  Einc(z)coB(a3z)tlz) 
-2h  -2h 


(47) 


Then  equation  (34)  1*  written  in  the  following  fore 

S(p) 


-l  ES,a‘ 


♦  S' (p)  p  »  0,2,4, 


(48) 


Making  u*e  of  equation  (28)  fro*  equation  (.48)  on*  has 


5’  <p)  «  ( 


m«l,3 


w  sinl^J) 
<m2-p2> 


+  C 


i 


8h2Dpcos(EJ)  kp 


p  =  0,2,4, .. . ,M-1  (49) 
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Hence  equation  (49)  i»  converted  to  the  following  ccepact  *atn»  fora 


IS’  (p)  1 


‘l2™5  lAr' 
pm  m 


p  «  0,2,4,.. . ,M+1 
m  *  1, 3,5, . . . ,M+2 


where  *"(p)  is  given  in  equation  (39). 

Z  >  - ,—2 - -  W 

Pm  8bSD  cos (El  )  kP 
P  2 

ra  sin  (5^) 

- - « — 2 — 

(m  -p  j 


m  «  M+2 


otherwise 


(50) 


(51) 


and 


*M+2  “  C1 


(52) 


Solving  equation*  (45)  and  (5b)  give  [AaJ.  Thu*  the  current  distribution 
and  input  admittance  say  be  calculated  using  equation  (is) 


M 

”  2 

ra-1 ,3, 


(53) 


NUMERICAL  EXAMPLE  AND  RESULTS 

A  new  method  i»  presented  to  calculate  the  input  admittance  using 
Pocklington'*  integral  equation  and  Kalian'*  integral  equation.  Specific 
example  is  ccnoarned  to  Pocklington'*  integral  aquation  a*  demonstration  uaing 
equation  (45). (44). (33), (42)  and  (44).  Obtained  result*  are  tabulated  in 
table*  4  and  l  and  shown  in  figure*  1-4. 

CONCLUSION 

It  i*  concluded  that  the  particular  choice  of  weighting  function*,  ba»i» 
function*  and  the  type  of  kernel  expansion  Iwlp*  the  integration*  to  be 
performed  coepletaly  analytic  in  addition  that  the  coefficient*  of  kernel 
expansion  are  calculrtad  uaing  the  aerie*  »u»»ation. 

A l*o  the  employed  inner  product  i*  to  be  defined  over  the  extended  domain 
which  reveal*  eore  orthogonal  it  ia*  to  be  achieved  resulting  in  real  matrix 
*  latent*. 

Hence  thi*  eathod  i*  eore  siapla,  take*  le*»  c.P.U.  tiaa  ,  storage,  the 
result*  are  fairly  convergent  and  agree  with  *w>»r'**nrt*l  and  other  published 
results. 


APPENDIX 

CALCULATION  OF  1NTE0RATI0N 

2h  z 

S  IE.  (z)  /  sin  (k | z-z*  ] ) «3z ’  ]  cos  <££)  dz 

2h  inc  •  2n 
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Let  U  denotes  the  integration  under  consideration  which  is  written 
2h  z 

'  lEinc(z);  si"  Us ;  *-* '  i)dz'l  cos(E^)dz 

(54) 

with  respc-ct  to  the  absolute  value  equation  (S*>  is  m  itten  44 

2h  z  p-, 

U  ■  /  (E  ( i )  .‘sin  Ik  (z-z1 )  ]dz  • )  ccitt-ijdz 
-2h  inc  • 


(55) 


carrying  out  the  integration  with  respect  to  I'  one  has 
1  2h 

-  £  :  |Einc(l)  (l-co*(2kz)]  coi(|£i)dz  (56' 


1  2h  2h 

E  1  Einc(2)  cos(E”)dz-  /  E  (z) 
k  _2h  me  in  _2h  me 


cos  (2kz )  co*(E^)dz  (57) 


for 


*  S 


(58) 


aquation  (57)  My  be  written  as 
1  2h 

U  ■  c-  {  /  E.  (*)  cos(a.z)dz 

k  inc  1 


-2h 

2h 

■  /  E.  (z)  co»(a,z)dz 
-2h  lnc  i 


2h 

-/  E.  (z)  cos(a.z)dz) 
-2h  in  3 


(59) 


and 


“  (k  +a^) 


u3  =  (k-a^) 


(60) 

(61) 
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SELF  CONDUCTANCE  IN 


.Fl«.  1  SILF  CONDUCTANCE  AGINAST  HIGHEST  TRUNCATED 
ORDER  OF  CURRENT  EXPANSION  ,  n.0.0070221  »-J08 


Tig.  a.  SELF  SUSCEPTANCE  AGINAST  HIGHEST  TRUNCATED 
‘ORDER  OF  CURRENT  EXPANSION.  ■  0.007022*  <*10B 
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FIG.  3  SELF  CONDUCTANCE  AGAINST  HIGHEST  TRUNCATED 


ORDER  OF  CURRENT  EXPANSION  n.OO03368979Ja.263 


FIG.  4  SELF  SUSCEPTANCE  AGAINST  HIGHEST  TRUNCATED 
ORDER  OF  CURRENT  EXPANSION  a.0  003368974Xa-263 
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Abstract-  A  method  of  moments  using  Bi-linear  surface  patches  for 
modeling  and  solving  the  electromagnetic  scattering  at  low 
frequencies,  is  presented.  The  Bi-linear  method  of  modeling  a  body 
is  discussed,  and  it  is  shown  how  a  sub-domain  surface  current  modes 
are  constructed  on  a  body  described  by  a  the  Bi-linear  surface  patch 
method.  A  brief  description  of  the  computer  code  and  the  method  of 
upgrading  common  wire-grid  programs  to  handle  the  Bi-linear  patches 
is  given  and  finally  some  numerical  results  for  some  canonical 
bodies  are  provided. 
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1.  INTRODUCTION 


MANY  COMPUTER  CODES,  basad  on  the  KoM  (Method  of  HomanCS)  for  datarminlng  tha 
alact romagnat ic  acattaring  from  bodias  in  tha  rasonanca  region  h* v«  bNn  prasantad 
in  tha  past  two  dacadas  (1-4].  Wlra  grid*  [1],  polygonal  plataa  [2,3],  or 
triangular  plats*  [4],  hava  baan  us  ad  to  modal  tha  body.  For  thasa  modal*,  it  i* 
a  graat  affort  to  dsCin*  tha  sub-domain  currant  mods*  for  complax  bodias. 
Moraovar,  tha  gaomatry  of  compucar  aidad  daalgnad  (CAD)  bodias  ar*  not  usually 
modalad  and  atorad  in  computars  using  wlra  grids  or  triangular*. 

This  papar  peasants  a  naw  and  afficiant  approach  to  nodaling  a  raalistic  complax 
atructura  using  Bi-linaar  surrac#  patchas.  Tha  alactromagnatic  scattaring  pxoblam 
can  ba  modalad  mcra  aaaily  and  can  provida  naora  accurata  rasults  in  laaa  computar 
tinva.  Also,  tha  naw  mathod  can  ba  aasily  combinad  with  computer  aidad  dasign  (CAD) 
programs  to  parforro  automatic  calculations  for  raalistic  bodias.  Anothar 
important  faatura  of  this  mathod,  is  that  it  can  usa  common  wira-grid  programs, 
aftar  a  minor  upgrading  procass. 


2.  BX-LXNEAR  PATCH  THEORY 

Tha  most  coronon  way  of  approximating  tii'i  gaomatry  of  a  complax  body  in  tha 
computar  i*  tha  usa  of  tha  Bi-linaar  patch  gaomatry  (7]. 

Tha  surface  of  tha  scattaring  body  i*  dividad  into  an  assambly  of  Bi-linaar 
patchas . 

Tha  gaomatry  of  aach  patch  is  shown  in  rig  l.  Tha  coordinatas  of  a  point  P  on  tha 
patch  is  givan  by: 


#-F„+V(Pv-?u) 

vhara 

Pl-Pi +  «(*,-*> 

(l  b) 

(l-c) 

From  aqs.  l-a,b  and  c  it  follows  that: 

P  « [  P,  +  u( P,  -  Pt ) J(l  -  V)  +  V .  *  +  u ( />  -  F, ) ] 

(1-d) 

Mathematically  apaaking,  rha  Bi-linaar  patch  ia  a  fin'ta  portion  of  tha 
hyparboloidal  aurfaca. 

It  is  sufficlant  to  stora  tha  coordinatas  of  tha  four  corners  PitP2,P ^  and  P4  only 
in  otdar  to  fully  dascriba  th*  patch. 


Any  quadr&ngl«  can  b«  con*id«x:«cl  as  a  special  case  of  the  Bi-linear  patch. 
However,  in  cases  where  the  four  earners  of  the  patch  do  not  lie  in  a  plane,  the 
Hi-linear  patch  fits  the  surface  of  the  scattering  body  more  accurately  than 
quadranglaa.  for  this  reason,  and  for  the  reason  of  using  sinusoidal  sub-domiin 
current  modes,  relatively  large  patches  (up  to  a  leading  dimension  of  more  than  a 
quarter  of  a  wavelength)  can  be  chosen  when  si- linear  patches  are  used. 

The  current  modes  on  each  patch  are  defined  following  the  natural  way  in  which  the 
patch  is  described,  considering  Fig.  1  the  Di-linesr  patch  is  approximated  by  two 
sets  of  vices,  one  set  is  in  the  direction  of  the  lines  of  constant  v,  and  the 
other  in  th*  direction  of  the  lines  of  constant  u.  On  the  wires  of  constant  v  th« 
current  is  givan  by: 


m)-i 


Sinjkz) 

Sin(kl) 


where 


1  -  la  the  wire  length 
A.  -  is  the  wavelength 


<2-a> 


<2-b) 


and  2,i  are  the  unit  vector  and  the  coordinate  along  the  wire. 

The  currant  on  the  vlraa  ot  constant  u  are  written  similarly. 

Having  defined  the  currant  elements,  the  mutual  impedance  of  each  psir  ot  wire 
current  elements  can  be  conputed  efficiently  [53. 

In  order  to  demonstrate  how  the  surface  of  the  scattering  body  la  divided  into  Bi¬ 
linear  patches  and  how  the  sub  domain  currant  modes  sra  defined,  consider  the 
surface  in  rig  2-a  which  is  a  portion  of  a  cylinder. 

rirst  the  eurfeca  is  cut  from  the  top  to  the  bottom  into  slicee  which  can  have  a 
leading  dimension  of  up  to  0.25X. 

Than  each  slice  ie  divided  into  segments  which  egeln,  can  be  up  to  0.25X  long  as 
shown . 

The  corners  of  the  pitches  thus  obtained  form  the  matrix  of  Fig  2-b  which 
describes  the  surface  accurately. 

The  appropriate  sub-domain  current  modes  which  describe  the  currents  in  the  two 
major  directions  ire  consequently  defined  on  the  surface  patches.  An  example  of 
the  first  current  mode  in  the  axial  direction  is  shown  in  Fig.  2-c.  Ths  surface 
current  mode  of  Fig  2-c  is  approximated  by  ■  finite  number  of  dipoles  with  the 
current  distribution  of  the  form  describ'd  by  Eq.2.  These  current  modes  can  be 
considered  as  the  generelixetion  ot  the  modes  used  by  Newman  in  the  case  of 
polygonal  patches  [5]  . 

Ths  other  current  modes  in  both  major  directions  (axisl  end  clrcumfrencial)  are 
svuenarlied  in  Table  1  which  identifies  the  current  modes  by  their  3  creating  lines 
(one  for  the  maximum  of  the  sine  and  two  xaro  lines  is  shown  in  rig.  2-c),  every 
line  eegnmnt  is  identified  by  the  two  points  which  it  connects. 
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aeaood  null 
line 

MXiM 

line 

fleet  null 
line 

node  number 
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11 

- 
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3  - 

4 

3 

3 

7 

2 

- 

6 

1  - 

5 

4 

4 

- 

B 

3 

- 

7 

2  - 

6 

3 

7 

- 

11 

r~~  6 

- 

10 

•s  - 

9 

6 

8 

~ 

12 

7 

11 

f>  - 

10 

7  ! 

Tab  la  1.  Currant  Modes  on  tba  cylindrical  eurfaoe  of  fig. 2. 

Any  complex  surface  can  be  divided  into  ai-linear  patchaa  similarly. 

For  intersecting  aurfaces  such  aa  thoaa  of  Fig.  3,  tha  currant  modes  ara 
conatructad  aaparataly  for  aai.n  surface  (matrix}  and  an  appropriata  overlapping 
currant  modes  must  be  added  in  both  major  direction*. 

in  Fig.  3  it  ia  shown  how  tha  overlapping  currant  modes  for  one  currant  direction 
are  defined  between  tha  surfaces,  in  addition  to  tha  regular  currant  inodes.  These 
currant  modes  ara  summarised  in  Table  2. 


second  null 
lino 

maximum 

line 

first 

line 

null 

mode  number 

7 

0 

5 

- 

6 

1  - 

2 

1 

8 

9 

4 

- 

3 

2  - 

3 

2 

10  - 

11 

5 

- 

6 

1  - 

2 

3 

11  - 

12 

4 

5 

2  - 

3 

4 

Table  2.  Overlapping  currant  nodes  for  one  current  direction. 

This  procedure  can  be  manual,  for  few  intersecting  parts,  or  automatic  for  larger 
numbers  of  intersecting  pairs. 


3.  THE  COMPUTER  CODE 

This  section  gives  a  short  description  of  the  computer  coda  and  the  upgrading 
process  . 

The  upgrading  process  is  made  as  follows: 

The  computer  code  receives  the  matrix  of  the  geometrical  coordinates  of  the  body, 
the  usee  has  to  assure  that  the  points  are  not  too  far  apart  (maximum  distance  of 
0.2SX  between  the  points).  This  is  easily  performed  by  the  computer  codes  dealing 
with  the  planning  of  the  body  as  mentioned  earlier. 

Consequently,  the  current  modes  are  defined  as  dascribed  above. 

The  impedance  matrix  of  surface/ surface  dipoles  is  computed  by  numerical 
integration  using  the  regular  Impedance  elements  subroutine  which  computes  the 
wire/wire  mutual  impedance,  Every  sir "le  matrix  element  is  calculated  as  the  sum 
of  about  64  small  m.  ■  ■  ix  elements  of  *.  .  -/wire  type.  The  wire/wire  type  impedance 
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•laments  sr*  easily  computed  (5,10}. 

The  excitation  vector  is  computed  also  by  numerical  integration  using  the  regular 
wire  excitation  subroutine.  Afterwards,  the  usual  matrix  solution  and  RCS 
computation  can  be  calculated  by  the  regular  program. 

At  present,  the  program  can  deal  with  perfectly  conducting  bodies  or  bodies  that 
have  some  surfaces  which  are  perfectly  conducting  and  some  surfaces  which  are  thin 
dielectric  layers,  <kt<0.01  k-vave  vector,  t*patch  thickness)  . 

In  the  case  of  dielectric  patches  the  impedance  matrix  has  the  added 
contribution  of  [8] : 


(3-a) 


y-jc i>V|j£ 


<  3-b) 
<3-0 


Where  t  -  the  thickness  of  the  dielectric  material. 

Jm,Jn  -  ere  the  sub  domain  basis  current  modes. 

The  integration  is  on  the  overlapping  area  between  the  two  modes  (if  it  exists) . 

A  more  general  code  is  now  under  final  stages  of  development  which  deals  with 
dialectic  Mterials  with  width  of  up  to  O.lX  ,  and  coated  bodies,  using  the  method 
described  in  [12). 

The  code  provides  e  useful  engineering  tool  for  confuting  the  RCS  of  the  body 
very  accurately  and  easily,  using  a  standard  geometrical  description  of  the  body. 


4.  NUMERICAL  RESULTS 

In  tnis  section  some  numerical  results  are  presented,  which  show  how  the  Bi-linear 
patch  segmentation  can  be  easily  applied  to  complex  bodies. 

Fig.  4.  shows  i  sphere  vhosw  radius  is  0.4 6 X.  The  geometry  of  the  sphere  is 
represented  by  the  Bi-lineer  patch  method. 

The  bistatlc  RCS  of  this  sphere  was  calculated  for  two  cases,  in  the  first  case, 
the  illumination  was  from  the  direction  of  the  positive  z  axis  which  ia  normal  to 
the  small  opening  caused  by  the  modeling.  In  the  second  case,  the  illumination  was 
from  the  positive  x  axia  direction.  The  polarity  was  as  shown  in  Fig. 4  .  The 
computed  resultc  are  crovared  to  analytical  results  of  Ruck  [9]  and  appear  in  Fig. 
5.  It  can  &•  seen  that  the  computed  results  accurate,  but  depend  slightly 

upon  the  method  by  which  the  body  is  approximated, 
rig.  €-b  shows  s  Bi- linear  surface  patch. 

The  surface  was  made  by  twisting  an  original  flat  plate  of  2.19*1.23  wavelengths 
in  dimension,  which  lied  in  the  y»x  plane  (Fig  6-a) .  The  line  segment  between 
points  1-2  was  twisted  to  lie  along  the  x  axis,  and  the  line  segment  between 
points  3-4  vaa  twisted  to  lie  along  the  y  axis. 

Both  surfaces  (the  flat  plate  end  twisted  plate)  were  computed  and  were  measured 
in  the  IAI  radar  range.  The  fiat  plate  was  used  as  s  reference.  The  measured 
results  <W  polarization)  appear  in  rig.  1.  The  computed  results  appear  in  Tig.  8. 
It  can  b«  seen,  that  the  agreement  between  calculated  results  and  measurements  is 
very  guod. 
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Fig  1:  A  Bi-linear  patch 
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Fig.  2:  (a)  Points  on  the  body  which 
desciibes  it's  geometry. 

(b)  2-D  map  of  the  body's  surface 
in  the  memory. 

(c)  A  single  surface  current  dipole. 


Fig.  3:  Overlapping  inodes  for  two 
intersecting  bodies  (see  text). 
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Fig.  4:  A  sphere  geometry. 
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Fig.  6:  Plate  and  twilled  plate  geometry. 


Fig.  S:  Bistatic  RCS  or  a  sphere, 
Analytical  results  appear 
in  solid  line. 
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Fig.  7:  Measured  RCS  results  for  the 
plate  and  twisted  plate 


PH 


Fig.  8:  Computed  RCS  results  for  the  plate  and  twisted  plate. 
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UTILIZING  STRUCTURE  SYMMETRY  IN  REDUCING  THE  CPU  TIME 
FOR  COMPUTING  THE  MOMENT  METHOD  [Z]  MATRIX  ELEMENTS 

Zeyad  O.  Ai-Hekail 

Electrical  Engineering  Department,  King  Sand  University 
PO  Box  800,  Riyadh  1 1421,  Saudi  Arabia 


1.  Introduction 

Method  of  momenta  (MM)  it  often  uaed  to  accurately  compute  the  radiated  or  scattered 
fields  from  simple  or  complex  structures.  However,  huge  computer  memory  is  required  when 
utilizing  it  to  solve  electrically  large  structures  Even  if  the  memory  requirements  are  satisfied  by  the 
available  computers,  the  needed  CPU  time  if  often  very  long  and  in  many  cases  unjustified. 

In  some  problems,  such  as  scattering  from  plate  structures,  it  was  noted  that  the  main  portion 
of  the  CPU  time  is  consumed  in  the  process  of  computing  the  IZI  matrix  elements.  The  rest  of  the 
CPU  time  is  for  inverting  die  matrix  and  computing  the  fields.  The  matrix  inversion  share  of  the  total 
CPU  time  increases  with  the  increase  of  the  number  of  matrix  elements,  and  can  become  the  main 
share  for  relatively  large  problems.  That  depends  on  the  nature  of  the  moment  method  code  and  the 
way  it  computes  the  matrix  elements  as  well  a*  on  the  computer  vcctorization  capabilities. 

The  CPU  time  required  for  computing  die  IZ]  matrix  can  be  dramatically  reduced  by  utilizing 
the  possible  symmetry  in  the  problem.  Such  symmetry  may  not  be  very  obvious,  but  it  is  not  always 
difficult  to  observe.  In  this  paper,  a  technique  which  is  used  to  reduce  the  required  CPU  time  for 
computing  the  /Z I  matrix  elements  is  explained.  This  technique  utilizes  the  possible  symmetry  in  the 
problem.  An  example  involving  MM  computation  of  the  scattered  fields  from  a  large  triangular 
dihedral  using  the  ESP4  code  (11  is  worked  out  in  detail  with  CPU  time  reduction  of  sbout  75%. 
Some  notes  are  also  given  on  the  use  of  this  code  for  solving  plate  modeled  sttuctures. 

2.  Triangular  dihedral 

Figure  1  shows  a  triangular  dihedral  consisting  of  two  triangular  plates.  The  plates  are  such 
that  L|»2m,  Lj-  lm  and  y  ■  90'.  The  bad:  or  bis  talk  scattering  from  such  a  structure  is  an 
interesting  problem  that  involves  d:  Terenl  scattering  mechanisms  and  has  been  investigard  in  several 
studies  12,3,4,5,6).  The  need  for  accurately  analyzing  the  scattered  fields  from  dihedral  structures 
arises  in  several  situations;  for  example,  when  using  the  dihedrml  as  a  calibration  utrgei  in  scattering 
measurements  or  when  a  reference  solution  is  needed  for  checking  another  method's  result 

For  reasons  to  be  clarified  later,  let  us  use  a  4-plate  model  for  the  dihedral,  such  is  shown  in 
Figure  2(a).  Also,  let  us  use  the  ESP4  code,  which  it  a  MM  code,  to  solve  for  the  scattered  fields 
from  the  dihedral.  The  code  solves  for  the  currents  induced  on  the  dihedral  surface  by  an  incident 
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Figure  1:  Triangular  dihedral. 

electromagnetic  field,  my  •  plane  wave.  The  scattered  fields  are  then  computed  using  radiation 
integrals.  This  code  uses  the  Electric  Field  Integral  Equation  to  relate  the  unknown  induced  currents 
to  the  incident  fields.  The  unknown  currents  ate  expanded  in  terms  of  N  surface  patch  modes  that 
cover  each  plate  such  as  shown  in  Figure  2(b).  In  Figure  2(b),  the  plate  is  divided  (segmented)  into  a 
set  of  quadrilateral  surface  patches.  The  current  modes  have  a  piecewise  sinusoidal  function  that 
covers  two  patches.  That  is  indicated  in  the  figure  by  placing  arrows  (which  represent  modes)  such 
that  every  arrow  covers  two  patches.  i.e.,  the  patches  covered  by  that  mode.  Overlapping  inodes 
that  cover  the  junction  between  any  two  plates  are  alio  included  in  the  expansion  of  the  unknown 
currents  such  as  titown  in  Figure  2(c).  That  leaves  us  with  the  following  unknown  current  vectors 
[I|]-[IiUm,[U<[Iul-lIi:>l,[l!Al  and  UJ  that  corresponds  to  the  currents  on  the  plates  in  the  way 
shown  in  Figure  2(d).  Then,  by  enforcing  the  Electric  Field  Integral  Equation  for  N  linearly 
independent  test  inodes,  one  obtains  an  NXN  simultaneous  linear  equations,  which  can  be  written  as 

(Z//-V 

where  [Zl  is  the  NXN  impedance  mairix,  V  is  the  voltage  vector  with  length  N,  I  is  the  unknown 
current  voctor  with  length  N.  These  linear  equations  can  then  be  solved  for  the  unknown  currents. 

The  impedance  matrix  is  the  main  concern  of  this  piper  snd  can  be  written  as  shown  in 
Figure  3.  The  element  of  [Z)  is  called  the  mutual  impedance  between  the  current  modes  m  and  n, 
Computing  the  elements  of  such  a  matrix  involves  many  coirpuiaiisss  snd  can  consume  a  long  CPU 
time.  This,  however,  can  be  reduced  by  utilising  the  symmetry  of  die  itructure  under  consideration. 
For  example,  one  can  say  that  Zw«  ±ZU  if  mode  mis  identical  to  mode  kind  mode  n  is  identical  to 
mode  I  and  the  relative  position  of  mode  k  to  mode  f  is  the  same  as  that  of  mode  m  to  mode  n.  The  ± 
sign  is  to  accommodate  for  differences  in  the  directions  of  the  assumed  reference  currents. 
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Figure  2:  4-plate  model  and  current  arrangement!  for  the  triangular  dihedral 


The  I'Z]  matrix  of  the  triangular  dihedral  problem  can  be  defined  by  blodci  luch  u  thotc 
jliown  in  Figure  3.  Block  (1/1)  (the  upper  left)  contains  the  mutual  impedance*  between  the  current 
modes  of  the  fust  plate.  Block  (1/2)  contains  the  mutual  impedances  between  the  current  modes  of 
plate  HI  and  the  current  modes  of  plate  #2.  Likewise,  block  (L|/L,)  contains  the  mutual  impedances 
between  the  first  overlapping  current  modes.  Block  (L,/l)  contains  the  mutual  impedances  between 
the  first  overlapping  current  modes  and  the  first  plate  current  modes.  Every  block  is  labeled  with  a 

capital  letter  (  A.B.C . ).  Only  blocks  labeled  with  an  underlined  bold  letter  need  to  be  computed. 

The  other  blocks  can  then  be  filled  according  to  the  labels.  For  example,  block  (2/1)  is  labeled  with 
"B"  that  means  that  the  elements  of  Mock  (2/1)  are  identical  to  block  (1/2)  elements.  Also,  the 
elements  of  block  (L,/4)  arc  equal  to  (-  )  the  elements  of  block  (Lj/1).  The  relations  of  Figure  3  are 
evident  bom  the  symmeuy  of  the  problem.  For  example,  blocki  (1/1),  (2/2),  (3/3)  and  (4/4)  are  the 
same  because  plates  1,2,3  and  4  are  identical  and  have  identical  segmentation.  Also,  block  (2/3)  is 
the  same  ax  block  (1/4)  because  plate  2  current  modes  are  identical  to  plate  1  current  modes,  plate  3 
current  modes  are  identical  to  plate  4  current  modes,  and  the  locations  of  plate  2  modes  relative  to 
plate  3  modes  are  the  same  as  the  locations  of  plate  1  modes  reiai.re  to  plate  4  modes.  Likewise, 
block  (IV4)  elements  equal  to  the  negative  of  (Lt/1 )  elements.  That  is  because  L*  modes  arc 
identical  to  L[  modes,  plate  4  modes  are  identical  to  plate  1  modes  and  the  locations  of  L*  modes 
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Figure  3:  The  impedance  matrix  [Z], 

relative  to  plate  4  model  ate  the  same  as  the  locations  of  Lt  modes  relative  to  plate  1  modes.  The 
only  difference  between  the  two  cases  is  the  reference  current  direction.  Lt  modes  reference  current 
is  flowing  out  of  plate  1  while  L4  modes  reference  current  is  flowing  into  plate  4,  leading  to  the  (-) 
sign  in  the  above  relation.  Note  that,  in  general,  the  above  [Z ]  matrix  is  not  symmetric.  It  is 
symmetric  if  the  test  modes  used  in  enforcing  the  integral  equation  arc  the  same  as  the  expansion 
modes  ( 1],  So,  toe  relation  Z^-^Z^  only  holds  when  modes  nt  and  n  are  identical. 

One  can  sec  that  this  technique  can  save  about  75%  of  the  CPU  time  required  for  computing 
the  [Z]  matrix  elements.  Figure  4  shows  the  CPU  lime  required  to  compute  the  [Z]  matrix  elements 
versus  frequency,  with  and  without  using  symmetry.  The  figure  should  be  viewed  as  if  it  shows  only 
a  relative  time,  since  it  grcaiiy  depends  on  the  machine  and  its  compiler  and  vectorization 
capabilities.  But,  for  the  sake  of  an  example,  on  a  CRAY  YMP  computer,  the  CPU  time  needed  to 
compute  a  264X264  matrix  was  68  seconds.  The  use  of  the  symmetry  mentioned  above  reduced  that 
time  to  17.1  seconds.  A  1680X1680  matrix  computation  consumed  about  650  seconds  on  the  same 
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computer,  using  symmetry.  Without  using  symmetry  that  time  would  have  been  about  2600  seconds. 
For  reference,  the  CPU  time  to  invert  this  matrix  and  to  compute  the  radiated  fields  was  about  100 
seconds.  Note  that  this  latter  time  is  relatively  short  because  of  the  available  vectorizadon  on  the 
CRAY  computer.  On  a  non  vector  computer,  the  matrix  inversion  time  would  be  more  than  the 
computation  time  for  such  a  large  matrix.  For  the  interested  reader,  Figure  S  shows  the  X-Z  plane, 
0-Polarized  bach  scattered  field  from  the  dihedral  it  1GHz. 


Figure  4:  The  CPU  time  required  to  compute  the  [Z)  matrix  elements  versus  frequency  with  and 
without  using  symmetry.  The  dihedral  dimensions  are  Li»2m,  1-2=  lm  and  \|i  =  90'. 


Figure  5:  6-Polarucd  backscaitered  field  from  the  dihedral  at  1GHz,  X-Z  plane. 
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Modeling  and  segmentation  issues 

The  ESP4  code  utilizes  one  method  for  plate  segmentation,  such  as  shown  in  Figure  2(b). 
Such  a  method  is  general  and  does  not  take  adt  mintage  of  the  nature  of  the  plate  that  needs  to  be 
segmented.  That  results  in  an  inefficient  segmentation  of  the  plates,  i.e.,  more  unknown  current 
modes,  and  hence  requires  more  computer  memory,  when  compared  to  other  possible  segmentation 
methods.  In  fact,  the  above  4-plate  model  for  the  triangular  dihedral  results  in  fewer  modes  than  a 
2-plate  model,  using  the  default  ESP4  segmentation  method  (routine)  in  both  cases.  This  is  because 
of  the  general  nature  of  the  segmentation  routine.  Using  a  10-plate  model  for  the  dihedral,  such  as 
the  one  shown  in  Figure  6(a),  results  in  an  even  fewer  unknown  current  modes.  A  better  approach  is 
to  "custom  make"  a  segmentation  routine  for  the  problem  under  consideration.  For  example,  one 
can  segment  the  dihedral  plates  as  shown  in  Figure  6(b).  Such  a  segmentation  approach  results  in 
about  a  minimum  number  of  unknown  current  modes.  But,  one  needs  to  make  sure  that  such 
segmentation  methods  produce  convergent  results  before  the  resulting  solution  can  be  misted. 

Figure  7  shows  the  number  of  unknown  dihedral  current  modes  versus  frequency  for  the 
above  mentioned  four  segmentation  methods.  In  all  cases  the  maximum  segment  width  is  .2 
wavelength.  One  can  see  that  the  4 -plate  model  results  in  a  smaller  number  of  modes  when  compared 
with  the  2-plate  model.  Note  that  unlike  the  2-plate  model,  the  4-plate  model  pamiis  an  efficient 
use  of  the  structure  symmetry,  which  is  the  reason  behind  choosing  the  4-plate  model  at  the 
beginning  o>  this  section.  The  10-plate  model  requires  less  computer  memory  and  CPU  time  when 
compared  to  the  4-plate  r  tel.  However,  utilizing  the  structure  symmetry  in  the  10-platc  model  is 
more  complicated.  The  custom  made  segmentation  with  the  4-plate  model  results  in  the  smallest 
number  of  unknown  current  modes,  compared  to  the  other  3  models,  and  hence  the  minimum 
required  computer  memory  and  CPU  time. 


Figure  6:  a)  10-plate  model  for  the  triangular  dihedral,  b)  Custom  segmentation  for  the  triangu'  r 
plate. 
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Figure  7;  Number  of  current  modes  versus  frequency  for  2-pUte,  4-pUrc  and  10-plate  models  for 
the  triangular  dihedral  with  the  ESP4  code  segmentation,  as  shown  in  Figure  2(b).  Also 
shown  in  the  figure  is  the  number  of  current  modes  for  the  4-plate  model  with  custom 
segmentation,  as  shown  in  Figure  6(b).  In  all  cases  the  maximum  segment  width  is  .2 
wavelength. 


3.  Conclusions 

A  technique  that  can  save  about  75%  of  the  CPU  time  required  for  computing  the  MM  [Z] 
natrix  elements  is  described.  This  'echnique  utilizes  the  structure  symmetry  that  exists  in  the 
problem.  It  requires  extra  wort  and  specific  treatment  for  every  new  problem.  Howevn,  accurate 
solutions  to  some  problems  are  always  desired,  especially  in  the  absence  of  measurement  results. 
Lack  of  measurement's  facility  or  the  unacceptable  cost  or  time  required  for  building  measurement's 
model(s)  can  make  this  technique's  extra  wort  justifiable  for  several  interesting  problems.  Also,  the 
process  of  utilizing  the  symmetty  in  the  problem  can  be  simplified  or  built  in  the  moment  metluxl 
codes,  leaving  the  user  with  minimum  wort  to  do. 
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h  was  noted  that  die  [Z]  matrix  size  depends  on  the  method  used  for  segmenting  the  plates 
making  we  structure  under  consideration.  Designing  a  specific  segmentation  routine  may  result  in  a 
reduced  number  of  unknowns  and  hence  less  memory  and  CPU  time  requirements.  Tlw  structure 
symmetry  may  be  further  utilized  to  reduce  the  number  of  unknowns.  This  can  be  achieved  by 
realizing  that  several  symmetrical  unknown  current  mode  amplitudes  are  equal.  One  can  use  this 
information  in  solving  the  linear  equations,  to  reduce  CPU  time,  or  in  reducing  the  number  of 
unknowns  ir>  ■he  problem,  to  reduce  memory  requirements. 
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NUMERICAL- ANALYTICAL  ALGORITHMS  BASED  ON 
DUAL  SERIES  EQUATIONS  TECHNIQUE 


Yury  TUCHKIN,  Vladimir  VEREMEY,  Yury  SVISCHOV  and  Valentin  DUDKA 
Institute  for  Radiophysics  U  Electronics  Ukrainian  Academy  of  Sciences, 

12  ac  Proskura  st.  Kharkov,  310085  Ukraine 

ABSTRACT.  The  Dual  Series  Equation  Technique  (DSET)  is  applied  to  analyzing 
cylindrical  and  spherical  reflector  antennae  and  to  calculation  of  the  radar  cross-sections  of 
cavity-backed  aperture  structures.  It  was  proved  thr.c  the  method  is  a  rigorous  one  and  may 
serve  as  effective  tool  in  reflector  antenna  design  md  in  the  analysis  of  near  and  far  fields 
scattered  from  the  canonical  cavity-backed  apertures  formed  by  slotted  circular  cybnders  or 
by  spheres  with  a  circular  hole. 

It  is  shown  that  the  obtained  numerical  DSET  codes  can  be  used  both  in  n  resonance 
wave  band  and  in  a  shortwave  band  (more  than  100  wavelengths  in  the  aperture).  A  con¬ 
siderable  advantage  of  the  suggested  approach  is  that  the  method  allows  to  obtain  results 
with  any  prespedfied  accuracy  and  that  is  why  DSET  codes  can  be  used  as  a  criterion  of 
the  correctness  of  the  results  obtained  by  the  approximate  methods  (Such  as  Method  of 
Moments,  Finite  Differences  Method,  Finite  Elements  Method  and  others).  Characteristics 
of  the  antennae  formed  by  one  or  two  circular  cylindrical  reflectors  or  by  the  spherical  ones 
with  an  additional  axial  reflector  have  been  calculated  and  numerical  results  are  presented. 
The  cases  of  a  line  magnetic  or  electrical  current  excitation  of  cylindrical  antennae  and  of  a 
monopole  source  excitation  of  the  spherical  antennae  are  considered.  A  numerical  analysis 
of  radar  cross-section  of  structures  formed  by  a  finite  number  of  circular  cylinders  with  lon¬ 
gitudinal  axial  slots  is  proposed.  The  influence  of  the  "interaction”  between  cavity-backed 
apertures  on  the  scattering  characteristics  of  the  structures  is  discussed. 

1.  Well  known  approximate  methods  for  solving  the  diffraction  wave  problem  on  a 
conductive  reflector  is  effective  and  rather  simple  but  it  is  impossible  to  estimate  the  accuracy 
of  solutions  thus  obtained  by  means  of  these  methods. 

The  widely  used  direct  numerical  methods  (MM,FD,FE)  results  in  systems  of  linear 
equations  of  the  first  kind  with  ill-conditioned  matrices;  the  application  of  these  methods 
leads  to  incorrect  results  when  scatterers  wavedimensions  are  considerable. 

A  method  of  investigating  cylindrical  (two-dimensional)  antennae  with  the  reflectors  of 
circular  or  arbitrary  cross-sections  or  spherical  antennae  (the  scalar  case)  was  proposed  in 
[1-9).  The  main  peculiarity  of  the  suggested  method  is  the  reduction  of  the  problem  to  a 
linear  algebraic  equations  system  of  the  second  kind,  i.e.  to  ar  equation  in  12  which  has  a 
form  (I  +  H)x  —  b  .where  I  is  ar  identical  matrix  operator  and  H  —  is  a  compact 

matrix  operator  in  .  x  and  b  are  vectors  in  i2  .  As  a  matter  of  fact,  in  all  considered  cases 
the  stronger  feature  of  H  is  valid: 


oo  oo 
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The  procedure  of  singling  out  the  operator  part  and  then  the  analytical  inversion  of 
this  part  for  obtaining  the  system  of  the  second  kind  is  rather  complicated.  This  complexity 
requires  from  the  investigator  a  higher  qualification  in  numerical  methods  for  using  the 
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Fig  2.  Far  field  patterns  of  the  spherical  two- reflectors  antennae 


MOMENT  METHOD  ANALYSIS  Of  NON-ORTHOGONAL  WAVEGUDE  TO  WAVEGUIDE 
COUPLING  THROUGH  SLOT 

S .  CHSI STOPHEH ,  A  .A.  SINGH  AND  K .  U .  LI  KAYE 
Electronios  ud  Udir  Development  Establ  lihMot 
Bangalore-560  093,  India 

Abstract-  A  detailed  analysis  of  finite  wall  thiokness 
non-orthogonal  rectangular  waveguide  to  waveguide  coupling  through 
centered  inolinad  slot  ia  oarried  out.  Pertinent  integral  equations 
for  slot  electric  field  are  solved  using  the  nethod  of  noaenta.  Slat 
scattering  parajaetere  are  then  deduced;  including  slot  resonant 
length  and  equivalent  serial  iapedanoe.  A  special  cans  or  numerical 
reeulta  for  resonant  length  and  scattering  par awe  ter a  are  compared 
with  results  available  in  the  literature.  The  analysis  presented  in 
thin  paper  has  significant  application  in  the  design  of  reader 
network  for  planar  slotted  array  of  complex  geometries. 

I .  IWTBODUCTION 

In  the  design  of  high  performance  alotted  arrays,  two 
structures  are  commonly  used  to  feed  the  power  (11.  In  the  first 
case,  eaoh  waveguide  with  radiating  slots  in  one  of  its  broad  walls 
is  ahort-cirauited  at  one  end,  at  an  appropriate  point  beyond  its 
last  slot,  and  fed  froa  the  other  end.  In  second  nethod,  the  branch- 
I ine  waveguides  (containing  radiating  slots)  are  short-ci rouited  at 
both  the  ends  and  an  additional  waveguide  (nailed  aainline 
waveguide)  underneath  the  branohline  waveguide  is  ueed  to  feed  the 
radiating  alota  via  coupling  slots  situated  in  the  ooaaon  wall  at 
tlm  junction  or  aainline  and  branohline  waveguides.  Since  most  of 
the  slotted  array  designers  use  a  center  fed  design  as  a  broad 
banding  technique  121.  the  second  configuration  ie  a  preferable 
ohoice.  Also,  depending  on  the  array  geometry  and  space  constraints, 
the  aainline  aay  or  nay  not  be  perpendicular  to  the  branohline. 
Although,  there  has  been  a  significant  theoretical  and  experimental 
attack  on  orossed  orthogonal  waveguide  slot  coupler  13-71.  no 
literature  is  available,  to  the  best  of  our  knowledge,  for  the  case 
where  branuhline  and  aainline  waveguides  are  not  perpendicular.  In 
this  paper,  an  attempt  has  been  Bade  to  analyse  non-orthogonsl 
waveguide  to  waveguide  slot  coupler.  The  procedure  begins  with  the 
development  at  fundaments!  integral  equations  Using  Sohelkunof f * s 
equivalence  principle,  dyadic  Green's  function  formulations  in 
aainline,  branohline  and  cavity  regions,  and  appropriate  boundary 
conditions.  Since  the  feeding  waveguide  generally  adopts  rssonant 
slot  to  couple  power  to  branchline  waveguides,  effort  has  been 
aade  to  calculate  the  resonant  length  accurately.  The  computer  code 
developed  enploye  integral  equation  formulation  of  the  problem  that 
ie  solved  by  the  eethod  of  moments.  In  the  present  caee,  contrary 
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to  ear  liar  rsaonanos  condition!,  a  nore  appropriate  reaonanoe 
condition  baa  been  adopted  to  oaioulate  reaonant  length  and  other 
Beat  ter  log  paraaetera. 

The  nuasnt  aathod  oode  developed,  coaputea  various  ooupling 
slot  oharaoteriatioa;  which  include,  slot  reaonant  length, 
backseat tered  and  forward  scattered  wave  aaplitude  and  phase 
variation,  and  coupling  o-  a  range  of  values  of  Mainline  and 
brancbline  's’  and  'b'  diaeuaiona,  walk  thiokneaa,  slot  tilt  angle, 
angle  between  aainl ine  and  branch! lne  waveguides,  alot  width  and 
frequency.  The  validity  of  the  oode  developed  la  established  by 
ooaparing  it  for  a  special  case  where  Mainline  beooaea  perpendicular 
to  brancbline  against  published  results  in  the  literature. 

II.  FORMULATION  OF  THE  PROBLEM 


The  geoaetry  of  the  nonortbogonal  waveguide  coupler  under 
Inveatigatlon  Is  depiated  in  Fig  1.1.  It  consists  of  two  air  filled 
rectangular  waveguides  naaMly  aainl ine  and  branohline  waveguides 
arousing  each  other  at  angle  or  cross-aeot ions  Canlabrl)  and 
ia^xb^)  respeotively .  The  branchline  waveguide  is  coupled  to 
aainl ine  waveguide  by  a  centered  inclined  rectangular  slot  or 
diaenaions  (Hlxwxt)  out  in  the  ccaaon  wall  between  Mainline  and 
branchl ine. 

Upon  invocation  Of  Sche I knuof f ' s  equivalence  principle 
the  do>  >f  the  problea  of  intereat  is  divided  into  three  regions 
:  Main,  iveguide  interior!  the  branohline  waveguide  interior  and 
a  rectangular  cavity  of  dlaenston  (Zlxwxt)  designated  as  regions  I, 
III,  II  respectively  as  shown  in  Fig(l.g).  In  this  problea,  only  the 
transverse  oonpunent  of  slot  field  exists  across  slot  and  this  is 
equivalent  to  a  longitudinal  nag net i u  current.  For  the  purpose  of 
solving  the  probleM,  the  slot  end  facing  the  aainl ine  waveguide  side 
y*6  and  y*b*T  are  covered  with  perfectly^  conducting  sheets  placed 
over  gap  and  Magnetic  current  sheets  <ltn^,  -Eny. )  and  t-gn^  ,  t™.  ) . 

III.  FORMULATION  OF  THE  INTEGRAL  EQUATIONS 


In  derivation  of  the  integral  equations,  we  tapose 
continuity  of  tangential  coaponent  Magnetic  fields  across 
aperture  nanely  y«b  and  y»b*T,  These  equations  are 


the 

each 


HC^1  > 
B,(P2"> 
Here  P, 


H  (Pj+) 

S  ♦ 

tnd  V.  have 


(l.a) 


(l.b) 


the 


■e  oo-ordinatea  in  the 


lower  alot 

aperture.  The  subscript  (~)  refer*  to  “just  inside"  the  cavity. 
Siailarly  V2  and  P2  are  point*  "just  inside’'  the  cavity  and  Mjuat 
inside"  the  branch  waveguide  interior  respectively.  Above  equations 
can  be  rewritten  aa 


H 


Cl 


_*cal 

Ci 


Cl 


<2. a) 
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»  0 


(2.b) 


H*“l-  H* 

Cl  c* 


Hera 

U) 


H  is  the  longl tudlnal  Magnetic  field  in  tbe  lower  slot 

t 

aperture  due  to  a  TE10  aode  source  incident  at  port  #1  of  Mainline 
waveguide  and  is  given  by 

■f"C*  oouem,  -  4^-  ■inC^i)  ■inem,  C3.a) 

**  v  “nr  “'m 

where  Aw  represent*  aaplitude  of  incident  doainant  Mode, 

<ii)  H^cal  is  tbe  longitudinal  Magnetic  field  in  the  aporture  region 
s  i 

of  Main  waveguide  interior  scattered  by  slot  due  to  Magnetic  current 
and  it  can  be  expressed  in  teres  of  integral  involving  Km^  and 

corresponding  Stevenson’s  Green  function  as 
•  cal 


\ -JJ  t 


where  e_ 


■  *ne„ 


°"»®mel 

rG.o.t  ir.inemi- 

J 

(3 .  b) 

lot  tilt  with  tbe  i-tili  of  the  Bainline 


K  de' 

"C 


the 

waveguide  end  (!„  t*  the  dyadic  Green’s  functions  (HI 


Oil)  H  is  the  lower  aperture  field  In  the  oavlty  due  to  the 
'  > 

magnetic  current  sheets  -I^and  l.e 

V  ■  JK,  K)  IJ<«  N  ]  *■  is"’ 

1  »1  »2 

where  S,  le  the  exterior  dot  aperture  area  G°  and  G°  ere 

CC  rr 

oavity  region  Green’s  functions  131. 


(iv)  H  is  tbe  upper  aperture  cavity  Magnetic  field  in  the  cavity 


due  to  the  Magnetic  currents 


end 


K_k  i  .  e 


«;  -  -  ii  --  |j 


ds  ’ 


(3.  d) 


seal 

(v)  H  is  the  field  in  the  aporture  region  of  branch 

2 

interior  scattered  by  slot  due  to  Magnetic  current  ♦Km  , 


wavegu i de 

i  .e .  , 
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•  cal 


=  Jj  G*cal]  | 

*2 


oo«ebft' 

«ineb. 


d»  ' 


where  is  the  slot  till  with  the  Z-mxis  of  branohline 


(3.o) 

waveguide. 


IV.  METHOD  OF  MOMENT  SOLUTION  OF  INTEGRAL  EQUATIONS 


The  eet  of  integral  equations  (2.eAb  )  have  been  solved  by  th 
■ethod  of  aoeents  using  Galerkin's  eethod  of  testing  18).  In  thi 
■ethod  basis  functions  are  used  for  testing  integral  equations.  Her 
Cj.  and  Ia^  are  expressed  in  teres  of  entire  domain  basis  funotion 

and  unknown  weighting  coefficients.  The  basis  function  shoul 
satisfy  the  suae  boundary  conditions  as  satisfied  by  the  aagneti 
current  sources;  in  order  to  converge  magnetic  current 
expansion-series.  Thus  it  has  been  assumed  that 

«qr”  Aq  sin  lqn(C»l)/<2l)J  (4  .a) 


<(.(?. C>  »qj£  Bq  sin  lqn(C*l)/(21)J 
Tbs  distribution  of  and  xjj.  across  the  slot 

be  ooantant  (that  ia  taken  as  unity  for  convenience 
Substitution  of  these  expansions  of  and  C* 


( 4 .  b) 

is  assumed  to 

in  analysis) 
into  Integra 


equations  (2)  results  in  equations  with  2N  unknwown  coefficient; 
IAq,  Bq,  q  ■  i.i.i, ... .n! .  The  continuity  equations  (2)  should  b' 
satisfied  at  each  and  every  point  on  corresponding  apertures.  If  om 
attempts  to  da  mo  there  will  be  infinite  number  of  equations  foi 
only  2N  unknowns.  Therefore  these  continuity  equations  are  testei 
in  average  sense  over  the  slot  aperture  by  using  basis  functions  ai 
testing  functions.  Ve  obtain  2N  Simultaneous  equations  by  chooslni 
different  values  of  p  from  1  through  N.  These  equations  can  tu 
collectively  written  in  the  following  matrix  fora. 


r  nr  i 

r  1 

« 

r  11 

|Y  ]  |Y 

[  A 

1  1 

['llpqj  L'lJpqJ 

L  «  J 

l  J 

.  [Y“»J  [Y;;^]  . 

w 

.[«]. 

Where  all  blook  matrices  Yu  Y2,  ,Yzz  are  NxN  square 

matrices  and  A,  R  are  column  vectors  containing  the  N  coefficients 
12 

of  magnetic  currents  Kmr  and  respectively.  I  is  also  a  column 

vector  resulting  rroa  TE  mode  source  tern  in  (3. a). 
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I 


A  typical  »le«ont  in  [  Y  t]  i* 

Y 


u  mat  n  ^  y 

1 11  pq  m  ’ 1 1  pq  T1 1  pq 


»!«■ 

c  av  1 1  y 


(6. a) 
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(7. a) 


v.r::, 


•cal  i  c  al^ 
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A  typical  element  in  Y  Matrix  is. 
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12  pq 
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typical  element  in  V 
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<a> 


cavt  iv  ..  cavi  t 

*  -  Y 

21  pq  12  pq 


▲  typical  element  in  Y22  matrix  is, 


Y 

y  branch  + 

y  cavity 

<10. s) 

22  pq 

Y  22  pq 

22 

pq 

here , 

v  branch 

..  main 

B  -  Y 

»b 

-  bb 

<10. b) 

'  22  pq 

li  pq 

*n, 

- 

- 

v  cavity 

»  -  V  cavity 

<10. c) 

Y  22  pq 

Yii  pq 

A  typical  alaaant  of  aouroo  matrix  in  source  matrix  [  I  ]  is, 


|  .  j1  ♦  J2  Cl  I  .aJ 

p  p  p 

♦L 

J1  e  cos©[  sib  [  ,g,g  +  L}1  j  cos  j  a  ^xoz  ^  (  1 1 .  b) 

C»-L  L 

C  *  ,ine[  'in[-3t-(f  *  L)](~T7T-)  "iD(~r“)  °’J/?ZdC  (,,  0> 

C  =  -L 

Once  the  [  Y  ]  and  [  I  ]  Mtrioes  are  known,  [  A  ]  and  [  B  ] 
can  be  obtained  by  lolvinj  aatrix  equation  (5). 

V.  NUHERICAL  RESULTS  AND  DISCUSSIONS 

The  aiot  length  at  which  the  powor  coupled  f roe  Min  waveguide 
to  branch  waveguide  ia  aaxiaua  can  be  called  ae  a  resonant  length. 
For  coapound  radiating  and  coupling  Biota,  resonance  has  been 
defined  by  the  condition  wherein  the  scattered  wave  (C|0)  la  out  of 
phase  with  incident  TEI0  wave  13).  A  second  definition  of  resonance 
is  based  on  the  condition  wherein  the  back  scattered  wave  <BJO)  is 
out  or  phase  with  incident  TE,0  wave.  But  the  resonant  length  based 
on  the  above  two  definitions  differs  signi  f  ioant  ly  and  uiiaui 
coupling  occurs  for  ■  slot  length  between  the  two  resonsnt  lengths 
13).  This  leads  to  an  sabiguity  in  getting  the  exact  resonant  length 
for  aaxiaua  coupl ing.  Hence  there  ia  a  need  to  calculate  this 
parameter  to  a  great  acouraoy  because  of  its  sensitivity  in  aoaent 
method  solution  .  To  avoid  the  sabiguity,  a  new  set hod  based  on  the 
condition  that  alot  magnetic  current  is  purely  real,  has  been 
adopted  to  calculate  the  resonant  length  and  subsequently  other 
scattering  parameters.  The  resonant  length,  aperture  electric  rield 
magnitude,  and  forward  and  backsoattered  wave  amplitudes  are 
dependent  on  the  magnitude  °f  erab,  0k.  and  e™- 


160 


Since  no  result  has  been  reported  Tor  the  non-orthogona 1 
waveguide  slot  coupler  in  tbe  open  literature,  the  validity  of 
■oeent  Method  oode  developed  has  been  checked  for  a  special  case 
when  becoises  90  .  Computed  values  of  resonant  length  (21r#B)  and 
|Slt]  are  in  good  agreeasnt  with  previously  reported  values  14  i.  The 
results  are  shown  in  table-I. 

TABLE- I 


e 

21  „  Iref  41 

21r.. 

Is,, |  Iref  4) 

|Sltl 

15° 

0.855” 

0.6555' 

0.099 

0.098 

20° 

0.657" 

0.6579' 

0.  161 

0.161 

30° 

0.662' 

0.6616' 

0.299 

0.299 

35° 

0.665" 

0.6649" 

0.367 

0.367 

(  a-0.9",  b-0.2-.  w-0.0626' .  t»0.01',  ebm*90° ,  f'9.17  GHz) 


VI.  CONCLUSION 

For  a  planar  non-reaonant  alot  arraya  with  ooaplex 
gooaetry  such  aa  allipae,  a  new  type  of  reading  arrangeaent  haa  been 
inveatlge tod.  Integral  equations  have  been  developed  for 
non-ar togona 1  waveguide  alot  coupler,  including  tbe  effect  of 
waveguide  wall  thiokneaa,  and  they  have  been  salved  by  the  eetbod  or 
■oeenti.  Nueerioal  reaulta  for  a  apeolal  oaae  haa  been  validated 
with  the  available  reeulte  in  the  litereture. 
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Serge  Kharchenko,  Paul  Kolensnikov, 
Eugene  Tyrtyshaikov,  Alex  Yeremin 
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Abstract 

It  is  well-known  that  the  computational  bottleneck  in  using  bound¬ 
ary  integral  methods  is  typically  the  solution,  via  LU  decomposition, 
of  dense  linear  systems  Ax  =  b.  This  is  especially  true  as  the  prob 
lem  dimension  grows  large  since  the  the  arithmetic  complexity  of  LU 
decomposition  is  0(n3),  which  is  an  order  of  magnitude  greater  than 
any  other  phase  of  the  computation.  In  previous  paper*  we  have  pre¬ 
sented  iterative  methods  with  0(n2)  computational  complexity  for 
solving  linear  systems  of  equations  arising  from  application  of  bound¬ 
ary  integral  techniques  to  industrial  cUas  problems.  These  methods 
construct  a  block  diagonally  perturbed  sparse  preconditioner  from  the 
given  matrix  and  use  a  stabhzed  version  of  block  GMRES  method  to 
solve  the  linear  system.  However,  these  methods  still  require  0(n2) 
memory  locations  to  store  the  dense  matrix-  For  den:*  linear  systems 
of  sues  close  to  10000C  and  more  the  disk  space  needed  to  store  such 
matrices  becomes  unrealistic  for  todays  storage  technologies. 

In  this  paper  we  present  results  from  \  class  of  iterative  method 
for  solving  dense  linear  systems  that  have  Cjnlog*  i)  computational 

'Corresponding  Author:  655  Lone  Oak  Drive,  Fagan.  MN  55121  \JS A.  email: 
qasim.ahe.kh3c: ay.com.  Phone:  (612)  683-3634,  Fax:  (612)  683-3609 
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and  I/O  complexity  \nd  need  0(n)  memory  location*.  We  use  sin¬ 
gular  value  decomposition*  of  subblocks  of  A  to  create  a  block  low 
rank  approximation  A.  The  memory  requirement*  to  *tore  A  and  the 
computational  complexity  of  computing  Az  are  significantly  leu  than 
the  storage  and  computational  requireou  s  for  A.  These  low  rank 
approximations  are  computed  after  a  cert,  gangster  projector  is  ap¬ 
plied  to  the  matrix.  This  process  ensures  that  the  approximation  is 
non  singular  whenever  the  original  matrix  is  nonsingular. 

We  show  the  efficiency  of  these  methods  by  solving  dense  compk> 
and  real  linear  systems  of  sices  74K  and  72K  with  single  as  well  as 
multiple  right  hand  sides  on  CRAY  Y-MP  vector/ parallel  comput¬ 
ers.  These  problems  are  extracted  from  NASA  Almond  benchmark 
for  computational  electromagnetics  and  a  commercial  computational 
fluids  dynamic  package.  Our  experiments  show  an  ord*r  of  magni¬ 
tude  reduction  in  the  memory  requirement  and  an  all  most  two  order* 
of  magnitude  reduction  in  computation  time  a*  compared  to  a  fully 
optimised  direct  *olver. 
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DEVELOPING  OPTIMAL  AND  AUTOMATIC 
FREQUENCY  SAMPLING  IN  MOMENT-METHOD 
SOLUTIONS 

G.  J.  Burte,  L-156,  Lawrence  Livermore  National  laboratory,  Livermore,  CA  94550 
E.  K.  Miller.  EKMiller  Associates,  3225  Calie  Celestial,  Santa  Fe.  NM  87501 


ABSTRACT 

The  need  of  lea  ahaea  in  electromagnetics  (EM)  to  obtain  a  wideband  response  from  frequency  smnpling. 
The  usual  approach  of  naming  a  m  Id  at  many  equally  spaced  frequencies  and  using  line—-  interpola¬ 
tion  may  result  in  substantial  over  sampling,  especially  when  the  response  involves  sharp  resonances. 
Sampling  finely  only  near  resonances  might  be  wcful,  assuming  (lie  resonance  locations  are  known,  but 
much  more  can  be  dene  by  along  advantage  of  the  problem  physic .  EM  frequency  responses  cai  be 
qutic  accurately  appraximned  as  a  sum  of  poles,  a  procedure  of  curve  Tilting  known  more  generally  as 
model -based  parameter  estimation  (MBPE).  By  Tilling  rational  functions  (as  generalized  pole  series)  to 
frequency-sampled  deX  resonant  behavior  can  be  web  represented,  and  die  number  of  samples  can  be 
reduced  to  as  few  aatwo  per  rcsonanoe.  In  addition,  varying  Ihe  model  parameters  can  show  where  ad- 
dittoual  simples  are  needed  to  identify  an  imsmpcrtrd  resonance.  The  prugrnn  ZPLX7T,  currently  dis- 
tnbuted  with  the  NEC  program  lo  plot  athninanre  data,  indudes  an  MB1E  capability  to  manually  imple¬ 
ment  simple  adaptive  sampling  of  frequency  wsponees,  Fxamplrs  of  unng  MBPEac  shown  to  illus¬ 
trate  tius  process  far  resonant  wire  snlenna'i, 

INTRODUCTION 

Obscured  by  the  mathematical  detail  and  descriptive  complexity  associated  with  most  electromagnetic 
analysis  is  the  possibility  of  representing  physical  observables  in  ampler  ways  using  reduced-order 
models  Knowledge  of  such  models  can  be  helpful  in  wayt  ranging  from  reducing  the  computer  cost  of 
achieving  desired  solutions  to  developing  more  compact  representations  of  observables.  The  basic  ap¬ 
proach  is  to  estimate  unknown  parameters  of  the  models  from  sampled  data,  a  process  called  “model- 
bused  parameter  estimation”  (MBPE)  [Miller  and  Burke  (1991)].  The  idea  behind  MBPE  is  intuitively 
straightforward  and  conceptually  sun  pie:  data  or  complex  analytical  formulations  are  replaced  by  sim¬ 
pler  mnhrmaliral  lepresetuuoos-the  ‘Tilting  model,”  (FM)  which  ideally  is  physically  based- whose 
parameters  are  obtained  from  Tilting  it  lo  the  original  description  (a  fint-prindpics  or  gmoaimg  model 
[GM])  in  the  ~psrametBr-astinnMinn*  step.  Parameter  estimation  often  mutl  be  accomplished  in  the  pres¬ 
ence  of  noise,  incomplete  data  and/or  uncertainty,  thus  introtfcidng  some  “art”  into  the  MBPE  process. 

A  FM  am  provide  a  more  efiicknl  Compulationsl  EkcCof  tsgnetics  (OEM)  numerical  approach  by  re¬ 
ducing  the  complexity  mid  cam  of  GM  coraputuwos  and/or  by  making  nun;  efferent  uae  of  the  results 
that  are  computed,  either  sepaatdy  or  in  combi  whoa  Both  appttwti'sm  might  be  described  as  “smart” 
curve  fitting,  hrrausc  the  FM  originates  from  baric  phyrics. 

MBPE  can  reduce  the  cost  of  a  sample  based  oo  a  fust-principles  model  in  various  ways,  one  of  which 
is  simplifying  evaluation  of  an  integral -equation  (IE)  kernel  by  approximating  the  kernel  with  (ideally)  a 
physcsJly  motivated  modal  dut  provides  a  reduced-oreler  padiniariial  description  to  decrease  computa¬ 
tional  complexity  while  retriautg  acceptable  accuracy.  Poaritie  applications  of  hemd  modeling  include 
the  Scrnmerfeld  integrals  of  interface  problems  [tpeedups  of  100  or  more  sre  pomibie,  Burke  and  Miller 
(1984)]  and  the  Green’s  functions  for  periodic  boundaries  such  as  rectangidar  and  spherical  cavities 
[Damarrat  et  al  (1989)].  In  such  applications,  sampled  values  of  the  kernel  are  replaced  by  a  simplified 
model  to  reduce  the  operation  count  (OQ  of  luanencally  evaluating  the  interaction  coefficients  that  ap¬ 
pear  in  a  moment-method  matrix. 
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MBPE  can  also  be  used  to  reduce  the  number  of  samples  Deeded  for  certain  applications,  e.g.,  to  obtain 
a  wideband  frequency  response  or  to  obtain  angle  ecatteiing  or  radian  on  patients.  again  via  exploiting 
physical  simplicity  and  a  reduced-order  mathematical  model  to  represent  the  respoase  of  interest  In 
such  applications,  model  perimeter?  derive  from  fitting  the  model  to  appropriate  samples  of  the  desired 
response,  e.g.,  as  a  function  of  time,  frequency,  angle  or  space,  where  the  samples  can  come  from  the 
actual  response  or  derivatives  thereof  (with  respect  to  the  independent  variable). 

Succinctly  summarized,  MBPE  involves  three  basic  operations: 

1,  a  process  or  data  providing  observables  to  be  modeled, 

Z  a  niitabie  model  to  represent  that  process/dala, 

3.  parameter?  to  be  estimated  by  fining  the  model  lo  that  process/dala 

with  the  goal  of  reducing  the  overall  OC  of  obtaining  the  desired  infannalion.  Subsequent  discussion 
here  focuses  on  the  particular  application  where  the  data  comes  horn  a  frequency-domain  (FD)  transfer 
I'lncuon  with  the  goal  of  mini  miring  the  number  of  QM  evaluations  required  to  determine  a  transfer 
li’nchou  over  a  specified  band  to  a  desired  accuracy. 

WAVEFORM-  AND  SPECTRAL-DOMAIN  MODELS 

Since  electromagnetic  phenomena  satisfy  Maxwell'?  equations  and  the  wave  equation,  they  can  exhibit 
both  exponential-  (for  example,  transient  fields  in  the  tune  domain)  or  pale-like  (spectra  in  the  FD)  be¬ 
havior.  Thus,  one  of  the  bask  MBPE  models  begins  cubes  as  an  exponential  series  (in  what  we  refer  to 
as  the  waveform  domain  rince  the  variable  “x”  is  often  time) 

W 

f(x)  -  fpM  ♦  Vx)  -  +  f^x) 

a.l  (1) 

or  as  a  pok  series  (in  what  we  refer  lo  as  the  spectral  domain  because  the  variable  “X”  is  then  a  frequen¬ 
cy  if  x  la  time) 

w 

F(X)  -  F„(X)  +  F^(X)  -  J  J  ♦  F^(X) 

o.t  (2) 

i.e.,  the  models,  where  the  subscript  “p"  refers  to  the  pole  part  of  the  response  and  the  “np"  to  the  non¬ 
pole  part.  The  2W  model  parameter?  are  the  modal  amplitudes  (residues),  R*,,  and  the  complex  reso¬ 
nances  (poles),  sa,  lo  be  estimated  from  waveform  samples  fn  a  f(x„)  (or  derivative  samples  fn  ■ 
tPr/dx*)  or  spectral  samples  F,  ■  RX„)  (or  derivative  samplr ,  F„  a  d“F/dXn)  Whatever  combination 
of  domain  and  data  are  used  x  prooeai  of  using  the  sampled  data  with  Eqs.  (1)  or  (2)  leads  to  a  linear 
system  whose  sululioo  provn-a  the  FM  psrantetua  [Miller  and  Burke  (1991)]. 

OBTAINING  BROADBAND  EM  RESULTS 

MBPE  can  expedite  the  development  of  broadband  EM  i vaults,  being  applied  in  what  we  cril  the  “fot- 
mulaticon  domain  and  “aduooo"  domain.  By  formulation  domain,  we  mean  the  original  problem  de¬ 
scription  as  developed  from  Maxwell's  equations,  an  IE  for  example,  whereas  solution  domain  refers  to 
the  ofaacrvibie  solutions  developed  from  the  original  description.  Mere  specifically,  the  impedance  ma¬ 
trix,  2m,a,  that  results  from  a  moment-method  duaetiraban  of  the  IE  is  a  formulaboo-doruain  entity 
whareea  the  admittance  matrix,  'Ln  *,  that  read  la  from  inverting  (or  otherwise  solving)  2m, n  is  * 
solutkn-domaiu  entity,  ln  estba  caee,  having  analytical  knowledge  of  the  frequency  variation  of  fr.  n 
or  n  between  the  discrete  frequencies  at  which  a  C  ( computation  has  been  performed  can  substan- 


166 


daily  reduce  (be  overall  OC  of  determining  a  broadband  frequency  response. 

Whether  modeling  the  impedance  or  atfcnittance  matrix  in  IE  applications  will  yield  the  greater  reduction 
in  overall  OC  in  a  frequency  range  of  interest  defends  on  die  relative  OC  required  for  each  part  of  the 
solution,  i.e.,  in  computing  OT  living  for  as  iUtntratod  conceptually  in  Hg.  X  For  three - 
dimanaiottal  IE  models  of  conducting  objects,  the  overall  OC  is  almost  wholly  due  to  these  two  compu¬ 
tation  steps,  which  vary  in  proportion  to  auJ  b^y,.!*,  respectively,  with  f  the  frequency,  and 
where  apjj  and  b^y.  ate  algorithm-  and  computer-dependent  coefficients.  At  lower  frequencies,  aj-jjf4 
>  b^ve^  becalm  a^g  *  bl0|ve  for  eawnf  ally  all  modeU,  so  due  the  matrix-fill  OC  is  larger,  but  with 
increasing  frequency,  eventually  a^yf*  <  b^y^  aad  the  aoiutton  OC  dominates.  This  suggests  that 
the  greatest  efficiency  improvement  would  result  from  using  MBPE  to  mini na rr  the  number  of  ij^  n 
oomputabane  at  lower  frequencies,  and  the  numhnr  of  „  computatiooa  at  higher  frequencies.  Both 
matrices  might  be  modeled  across  the  same  bandwidth,  of  course,  because  among  the  other  benefits  of 
using  MBPE  other  than  decreased  OC  alone  ia  that  of  replacing  matrices  of  numbers  by  analytical  for¬ 
mulas. 


Figure  1.  Representative  transfer 
function  T(f)  obtained  from  a  CEM 
FOIE  model.  At  lower  frequencies, 
matrix  fill  dominate*  die  total  OC 
whereas  u  high  a  frequencies,  the 
solution  OC  is  the  dominate  factor. 


•fdl14  >  We16  ■fill*4  < 


im,. 

In  order  lo  use  MBPE  for  crii  mating  the  codfioqnti  of  1^,  „  between  frequencies  at  which  the 
intemedans  are  computed  from  their  defining  equations,  a  suitable  FM  is  needed.  The  exponential- 
serier  model  of  Eq.  (1)  is  appropriate  (without  the  noo-pole  terms)  for  this  purpose,  since  the  FD 
Omen’s  function  from  which  is  derived  exhibits  a  complex-exponential  behavior.  For  example,  a 
generic  FIXE  in  tench  cn  coefficient  ining  subdomain  bases  and  and  delta-function  testing  has  the  form 
2 „(<«}-  f  Si(m)KB.!=_=(<d)Kik  .J(«)dAI, 

■**-  (3) 

where  m  and  n  denote  observation  and  source  “patches,”  S„  ir  the  source  strength  on  patch  Kr  m  n 
is  the  “ patch- lo- patch”  (P-P)  part  of  the  IE  kernel  and  K^_m  n  ia  the  “in- patch”  (I-P)  part  of  the  kernel. 
The  P-P  term  describes  a  “fist”  frequency  variation  of  the  form  exp(jkrm  n ;,  where  rm  „  is  the  distance 
between  the  centers  of  patches  m  and  n  and  for  which  krm  n  »  !  is  generally  true.  Similarly,  the  l-P 
term  describes  a  “slow"  variation  whose  exponential  variation  is  of  order  expQkdrm  n).  while  drm  n  is 
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the  distance  variation  caused  by  integration  over  a  patch  and  for  which  kArm  n  «  1,  because  the  patch 
tine  is  small  in  wavelengths.  The  P-P  term  can  be  factored  from  the  integral  to  obtain 

2 M(m)-eikR«f  S.MK^mJdA. 

"«  W 

where  „  +  Arm  „  «  rm  n  and  K'^m,n  is  a  modified  slow-frequency  kernel. 

Eq.  (4)  indicates  that  if  Z|s,n(u>i)  has  been  computed  from  the  defining  equations  at  in j,  then 
Zni_n(o>2)  can  be  eadmated  as  (assuming  toe  it  not  “too  far”  from  to  j) 

Z1m(«2)-Z1b>1)J«“’-u',r~Mm(co2-«>1)  (5) 

where  MjH^ftoj-inj)  is  an  interpoladosi  model  that  accounts  for  the  slow  variation  of  the  integral  in  (4). 

For  the  dun-wire  electric -field  IE  (EF1E),  Newman  (1988)  has  used 

M«„  +  Blnco  ♦  Cm,  (6a) 

M,,,  n(<u2-<ii  =  A  +  Bee  +  Cm2.  (6b) 

for  modeling  variations.  Benthien  and  Schenck  ( 1991)  followed  a  similar  approach  for  elastady- 
nandc  acattenng.  An  inleseeliiig  aspect  of  modeling  the  frequency  variadcu  of  ^  n  is  that  the  sampled 
frequencies  tan  be  spaced  many  raaonaocei  apart  while  retaining  an  accurate  represcnladan  of  the 
suiurion-duauun  rcaanance  behavior  as  a  function  of  frequency.  This  is  because  die  resonances  come 
from  inlerecdoas  between  object  extremities,  whose  oonvohidcnd  reUdoahip  is  developed  through  the 
saludon  process  which  itself  requires  only  that  the  phase  and  amplitude  frequency  dependencies  of 
Ztm  n  he  roamtainrd  with  accuracy  sufficreot  to  yield  adegmlr  accuracy  in  Xm.n- 

Modeling  L.,. 

While  the  jj^  ,,  coefficients  exhibit  a  phaje-dnven  exponential  behavior  modulated  by  distant 
dependent  terms,  the  coeffkseuts  of  Xm,n  RXhihit  a  pole-like  behavior,  as  can  oe  surmised  from  observ¬ 
ing  the  resonance  structure  of  a  typical  EM  transfer  function.  Thus,  an  appropriate  model  for  the  litter  is 
given  by  the  pole  series  of  Eq.  (2).  In  this  case  however,  the  non-pole  terms  might  be  anticipated  to 
play  a  signifies!,  role  [Miller  and  Burite  (1991)].  Such  terms  might  be  reasonably  approximated  by 
adding  a  frequency-dependent  polynomial  to  the  pole  aeries.  This  polynomial  might  also  help  to  ap¬ 
proximate  the  contribution  ol  poles  that  lie  outside  the  frequency  range  to  be  covered  by  the  FM.  The 
remit  is  to  general uc  the  rabenai-fmteboo  form  of  the  pole  series  tmm  one  where  the  numerator  polyno¬ 
mial  has  an  order  one  leas  than  the  denominator  polynomial  to  one  of  equal  order,  or  exceeding  it  by  the 
order.  P,  of  the  highest  term  in  the  added  polynomial. 


7 nut,  the  pole- serves  model  can  be  expanded  in  muonsl -function  form  as 

V  r,.v  No  +  N.X  +  NaX2*--*  Nw-.X*'1  N(X,W-1) 

iirX-So  1  +  D,x  +  DjX2  +  •••  +  IV  iX"  *AX’W> 

where  Dg  has  ,.een  set  to  unity.  Adding  a  coni  lain  for  the  non-pole  term  then  yields 

F^X)  -  CONSTANT  -a  F(X)  -  . 

Adding  an  additional  term  linear  in  frequency  then  kadi  to 


(7a) 

(7b) 
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F^x).c,+(yc^p<x)- 


D(X,W) 


(7c) 


k)  that  in  general,  (be  numerator  polynomial  will  be  of  order  N  =  W  +  P,  requiring  a  total  otm  least  D  = 
W+  Pt  1  GM  temples  to  evaluate  the  FM  coefficients.  Note  however,  that  the  FNt  remains  empty  a 
rational  function,  retaining  a  natural  fit  to  a  pole-baaed  resonance  response. 


DEVELOPING  4  SAfcJ c.'W  STRATEGY 

Fitting  a  model,  even  one  the  is  partem  testily  compatible  with  the  phyaicil  process  t  run  which  tire 
samptsd  dsta  haa  been  derived,  is  only  raw  aspect  of  using  MBPE  to  represent  a  FD  matter  function. 
Knowledge  of  the  Ittheg  error,  i.e.,  the  dtflerenoe  between  the  Hvi  a»l  GM,  IS  necessary  if  the  goal  of 
achieving  a  desired  error  in  the  mrimaacd  transfer  function  actons  the  bandwidth  of  interest  is  lobe  real¬ 
ized.  Errors  produced  by  a  FM  are  of  time 1 — types:  1)  non-physical  results,  e.g..  negative  cenduc- 
tmee;  2)  baseline  shifts  between  the  FM  and  GM;  3)  resonance  diifts  between  the  FM  and  GM.  Eachof 
these  errots  night  suggest  a  different  kind  of  adaptive  nmpling  strategy  so  be  used.  For  non-physical 
remits,  the  most  appropriate  approach  would  be  to  simple  where  the  negative  peak  in  conductance  (or 
ncsutsocc)  occurs  to  the  FM.  Fur  haarlinr  drifts,  we  might  indeed  sample  at  the  maximum  difference 
between  the  FM  and  GM  if  it  exceeds  a  specified  error  criterion.  Similarly,  far  resonance  shifts,  it 
might  be  most  appropriate  to  sample  midway  between  the  model  peaks  if  the  shift  between  them  exceeds 
some  error  criterion 


Nose  that  it  is  a  distinct  disadvantage  if  the  fitting  error  could  only  be  estimated  by  requiring  additional 
GM  data,  since  a  goal  Of  using  MBPE  i  >  to  minimize  the  n'unber  of  GM  evaluations.  Therefore,  if  at  all 
possible,  a  dtfTerent  approach  to  obtainilg  die  tilting  error  is  needed.  Of  the  three  error.,  listed,  only  the 
firet  can  be  directly  realized  tiling  FM  results.  However,  it  is  feasible  to  mi  quit  the  other  two  errors 
using  only  FM  results  an  well.  It  should  be  emphasized  at  this  point  that  the  number  of  GM  data  points, 
D,  the  frequency  range  spanned  by  a  FM.  and  the  orders  of  the  numerator  and  denominator  polynomi¬ 
als,  N  nod  W,  we  relatively  ambiguous.  On  the  one  hand,  this  “ambiguity*  can  be  considered  a  detri¬ 
ment  because  in  introduces  unavoidebie  uncertainty  into  the  MBPE  process.  On  the  other  hand,  it  can 
be  productive  because  different  FMs  can  use  some  of  the  same  GM  diua.  Thus,  an  rsrimalr  of  the  lilting 
error  can  be  obtainsd  by  comparing  results  from  two  (or  more)  FMs  over  a  frequency  range  where  they 


Figure  2.  Developing  a  broadband  transfer 
function  using  a  series  of  overlapping,  cas¬ 
caded,  reduced-aider  FMs.  M,.  The  FMs 
me  common  GM  dale  samples  in  the  over¬ 
lap  regions.  Tbew  different  FMs  provide 
s  me  seme  of  the  Turing  error  in  terms  of 
their  separate  estimates  for  TO)  as  a  func¬ 
tion  of  frequency  where  the  FMs  overlap. 


share  emunon  data,  or  overlap.  Although  the  FM  difference*,  or  estimated  errors,  can  not  be  guaran¬ 
teed  to  bean  upper  bound  on  the  arcnl  fitting  error,  they  do  show  the  relative  consistency  of  the  FMs  in 
the  overlapping  regions.  Where  there  difference*  exceed  acceptable  limits,  an  additional  OM  ample 
would  be  suggested,  thus  providing  a  rabonak  for  adaptive  sampling,  ensuring  that  GM  computations 
sic  being  done  at  frequencies  where  the  new  information  they  yicl  is  neatly  maximized.  Using  over- 
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tapping  “windows”  of  reduced-order  FMs  to  estimate  errors  and  So  determine  where  new  CM  samples 
are  needed  lead*  logically  to  the  idea  of  developing  a  broadband  transfer  function  from  a  cascaded  series 
of  FMs,  as  illustrated  conceptually  in  Fig.  2.  This  ia  basically  the  approach  used  to  develop  the  transfer 
functions  presented  below. 

SAMPLE  APPLICATION  S 

A  simple  example  of  using  a  series  of  FMs  to  estimate  a  broadband  transfer  function  is  shown  in  Fig.  3 
for  a  center-fed  dipole  antenna.  In  this  case,  20  OM  samples  spaced  0.15  LA  apart  were  developed 
over  an  UK  range  from  0.15  to  3  using  NEC.  A  series  of  FMs,  each  shifting  upward  in  frequency  by 
0.15  UK,  was  used  to  obtain  the  estimated  transfer  function,  and  each  was  used  to  plot  the  estimated 
transfer  function  over  the  censer  0.15  LA  interval  of  its  0.9  LA  window,  except  for  the  ends  of  the  fre¬ 
quency  range  where  the  FMs  extended  to  0  and  3  UK  respectively.  The  FM  curves  are  ensured  to  pass 
through  the  OM  samples  because  the  number  of  samples  equals  the  number  of  FM  coefficients. 


Figure  3.  Input  conductance  and  suaceptance  of  mooopole  antenna  versus  length  in  wavelengths 
as  obtained  from  a  aeries  of  ration-function  fitting  models  using  D  =  7  (W  =  N  =  3)  (the  solid 
line)  baaed  on  20  samples  spaced  0.15  apart  in  LA).  The  CM  samples  arc  indicated  by  the  open 
croaeea  and  are  joined  by  a  dashed  line  for  clarity. 

An  example  of  varying  the  FM  parameters  in  the  vicinity  of  a  sharp  resonance  is  shown  in  Fig.  4  Tor  the 
admittance  of  a  “fariusd-mcDopole”  aatenna  (a  abort,  straight  Apole  with  V  ends  where  one  aim  is 
slightly  shorter  than  the  other,  Burice  etal  (1989)].  The  two  fitting  models,  one  using  D  =  7  (W  =  N  = 
3)  and  the  other  using  D=5(W  =  N=2)«  baaed  on  CM  samples  it  0.5  MHz  intervals.  On  this  ex¬ 
panded  scale,  the  7- sample  PM  model  ooinesdrs  graphically  with  21  additional  OM  samples  spaced  10"4 
MHz  apart  starting  at  0.717  MHz,  thM  the  higher-order  FM  is  highly  accurate  amt  that  the  fit¬ 

ting  error  il  probably  comparable  with  the  accuracy  provided  by  the  NEC  model. 

A  further  example  of  modeling  a  aharpiy  resonant  antenna  is  democutrated  in  Fig.  5  for  the  admittance 
of  a  fan  antenna  (a  bottom-fed  monopole  consisting  of  a  three  unequal -length  wires  spreading  outward 
from  tbe  feed).  Two  lets  of  FM  curves  ire  plotted  two  as  obtained  from  t.  o  different  seta  of  GM  sam¬ 
ples,  one  set  of  15  beginning  at  2  MHz  and  spoced  at  0.5  MHz  intervals.  The  other  set  consists  of  51 
samples  also  beginning  at  2  Mriz  but  spaced  at  0.14  MHz  intervals.  F  plotting  these  results,  each  new 
FM  is  drifted  upwards  in  frequency  by  their  respective  CM  sampling  mf  vals. 

These  two  examples  demonstrate  the  relative  insensitivity  of  tbe  ego  mated  transfer  function  to  variations 
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ADMITTANCE  (mS! 


,  ^  Thev  also  intricate  bow  differences  in  the  resulting 

in  boto  the  GM  dalaueedsnd  JdM  tended,  la  cases  where  theFM  curves  are 

*' *  4ve"*n8  ^ 


Figure  4.  Result*  for  the  input  admittance  of 
,  &monopofc _«e~ 


*  S«n»o«3«:  where  a  differtntral-mode 
cumal  ca  eril  on  the  two  unequal-length 
arnu  of  (he  dipole.  Although  the  resonant* 
ii  quite  accurately  located  (to  within  1%  orw 
in  frequency),  there  is  some  variation  in  the 
wwLiee  values  provided  by  the  two  FMs. 
The  7-sample  model  is  the  more  accurate.*; 
it  is  fomrito  agree  with  2 1  additional  GM 
samples  spued  1<T*  LA  apart  begriming  at 
0.717  MHz. 
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<+  Figure  5.  Reaultt  for  the  input  admittance 
of  a  fan  antenna  using  different  sets  of  GM 

■  data  and  vanous  FMs  (solid,  conductance; 
dashed,  usceptance).  Two  FMs,  one 

•  using  D  “  7  (with  W  =»  N  =  3)  and  the  other 
having  D=  11  (W*N  =  5),  both  using 

■  OM  sample*  at  0.5  MHz  intervals,  yield  the 
curves  having  the  rightmost  resonances. 

'  The  other  model,  having  D  ■  9  (W  ”  N  - 
4)  Mid  using  GM  nuopki  it  0. 14  MHz  in- 
w  ■  tcrrals,  yields  Ihc  curve*  having  the  kit- 
most  resonances.  As  before,  tome  curves 

'  are  obtained  by  plotting  each  FM  over  U* 
its  center  sample  interval,  with  each  new 

■  aaagsaaBftgv 

— v  itpjeOM  indicates  it  is  the  more  accurate 
5  5  of  the  FMs. 
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probtau  toM  is  corrected ^  hw.  the  8-point  FMi»  w  do*  agree- 
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Figure  6.  Smith-chart  representation  of  the  input 
impedance  of  the  fan  antenna  over  the  frequency 
range  2  to  9  MHz.  The  OM  samples  ate  shown  by 
the  triangles  and  are  connected  by  a  straight,  solid 
line.  The  7-sample  FM  produces  a  non-physical 
input  resistance  near  the  resonance  "loop.”  Simply 
increasing  the  FM  order  by  one  brings  it  into  to 
dose  agreement  with  the  OM  samples  labeled 
“truth"  which  are  computed  at  0.14  MHz  intervals 
and  connected  by  straight  lines. 


CONCLUDING  COMMENTS 

A  capability  forconvaacniiy  moor, muting  NEC  (or  s  ty  other  FD  model  results  os  measurements)  data 
with  MBPEaa  illustrated  shave  is  provided  by  ZFU7T.  The  program  includes  capabilities  for  display¬ 
ing  mullipk  curves,  combining  data  flies  ami  interpolating  data  usiug  MB  PC  FMs.  Data  points  from 
new  files  cat  be  added  to  cxaHiug  curves,  and  the  combined  data  will  be  sorted  in  order  of  increasing 
frequency  and  plotted.  Data  read  from  NEC  output  files  or  combinations  of  I  lies  or  date  generated  by 
FMs  can  be  wrinen  to  new  files  in  a  faunal  mdudieg  frequency  aid  admittance  or  impedance.  These 
files  written  front  ZHjCTT  will  be  much  smaller  then  the  NEC  output  files  which  include  a  large  amount 
of  addiboaal  information.  The  impedtrr  or  atfenttance  files  written  by  ZHjOT  can  also  be  read  by 
ZHjOT  and  plotted.  Although  ZHjOT,  a*  pri. sadly  implemented,  accommodates  adaptive  sampling 
only  through  user  mtereeauou.  a  future  extension  would  be  tu  extend  the  procedure  L>  locate  CM  tain 
[lea  and  determine  FM  paametu  s  aotnmshcally  while  limiting  die  fitting  error  to  a  specified  value. 

REFERENCES 

Bcnthien,  G.  W.  and  H.  A.  Scbenck  (1991),  “Structural -acoustic  coupling."  in  Boundary  Element 
Methods  in  Acoustics,  ed.  R.  D.  Ciakowab  and  C.  A.  Brcbbia,  Computational  Mechanics  Publications 
Burke.  OJ.  and&X.  Miller  (1984),  ’Moths  lgAnteonu  Near  to  and  Penetrating  a  Lossy  Interface", 
IEEE  Transactions  on  /tiunwr tmd  Propagation,  AP-32,  pp.  1040-1049. 

Burke,  G.  J.,  E.  K.  Miller,  S.  Chnkrabnrti,  aad  K.  R.  Demarest  ( 1989),  ’Using  Model-Based  Parame¬ 
ter  Eshmatiou  to  lncieaae  the  Efficiency  of  Computing  Electromagnetic  Transfer  Functions*.  IEEE 
Tnanxtctions  ow  Utomricj.  2  5(4}  no  2907-2809. 

Demarest,  K.  R,  E^CMilkr,  K.  ftlM.  tui  UK  Wu  (1909),  “A  CompuUtknaUy  Efficient  Method 
of  Evaluating  Green's  Functions  for  1-,  2-,  and  3D  Enclosures',  IEEE  fronsocltons  an  Magnetics, 
25(4),  pp.  2S7S-2SS0. 

Miller,  E.  K.  and  G.  J.  Burke  (1991),  'Using  Model- Based  Parameter  Estimation  to  Increase  the  Hbysi- 
cal  lnwrpretabtlity  and  Numerical  Eflkaeocy  of  rnm  pi  national  Electromagnetics.*  Computer  Physics 
Communications,  tl,  43-73. 

Newman,  E  H.  (1988),  "Generation  of  wideband  data  from  the  method  of  moments  by  interpolating 
the  impedance  matrix,"  lEEETnsns.  Antennas  Proposal  ,  Voi.  36,  No.  12,  pp.  1820-1824,  Dec.  1988. 


172 


REFLECTIONS  ON  SOME  OF  THE  FOLKLORE  OF  THE  MOMENT  METHOD 
Richard  C.  Boot  on,  Jr. 

Caner  for  Microwave/ Millimeter-wave  Computer-Aided  Design 
University  of  Colorado  at  Boulder 
Boulder  CO  80309-0425 


ABSTRACT 

Several  “facts'  that  many  people  believe  to  be  true  and  can  be  considered  to  be  pan  of 
the  folklore  of  the  moment  method  are  examined.  The  simple  example  of  a  thin  cylinder,  either 
as  a  plane-wave  scatterer  or  aa  part  of  a  center-fed  dipole  antenna,  is  analyzed  numerically  and 
results  obtained  that  shed  light  on  the  folklore.  Several  more  general  points  are  made  regarding 
numerical  analysis. 

BACKGROUND 

The  pioneering  work  of  Galerkin  and  Harrington  established  the  moment  method  as  a 
major  tool  in  the  numerical  analysis  of  electromagnetic  problems,  and  the  work  of  many  others 
has  resulted  in  the  moment  method  becoming  a  well  understood  and  widely  used  method  for  the 
solution  of  integral  equations  in  electromagnetics.  There  arc  several  “well-known  facts"  that  may 
be  said  to  constitute  the  folklore  of  this  method,  but  do  not  seem  to  be  universally  true.  Some 
of  these  will  be  stated  and  discussed  in  light  of  a  simple  problem,  die  thin  cylinder,  either  as  a 
scatter  or  as  a  center-fed  dipole,  described  by  the  appropriate  form  of  H alien  s  integral  function. 

QUESTIONABLE  BELIEFS 

(A)  Galerkin  wcigUing  is  much  superior  to  colocation. 

Statements  frequently  are  made  dial  Galerkin  weighting  (using  as  the  set  of  weighting 
functions  the  set  of  basis  functions)  is  better  than  using  other  weighting  functions  and  in 
particular  much  better  than  delta  function  weighting  for  colocation  (point  matching.)  Proofs  have 
been  offered  to  show  the  optimality  of  the  Galerkin  method.  Usually  such  arguments  depend 
upon  variational  considerations  and  do  not  consider  the  fact  that  Galerkin  weighting  requires 
additional  integrations,  compared  to  colocation.  When  the  moment  integrals  ate  evaluated  by 
numerical  integration,  the  additional  integration  results  in  additional  run  time. 

A  ample  example  is  given  by  pUne-wave  scattering  off  a  thin  cylinder,  as  analyzed  by 
Hallen  s  equation.  For  such  one-dimensional  equations  the  Gilerkin  method  requires  numerical 
double  integration  rather  than  the  single  integration  required  by  point  matching.  Fig.l  shows  the 
RCS  of  a  cylinder  using  triangle  bans  functions,  both  for  colocation  and  for  Galerkin  weighting, 
as  a  function  of  the  number  of  basis  functions.  For  the  same  number  of  basis  functions  Galerkin 
weighting  is  somewhat  better.  The  Galerkin  weighting  program,  however,  has  a  longer  run  time 
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on  the  computer.  Fig.  2  shows  the  same  results  as  a  function  of  computer  run  time,  and  on  this 
basis  colocation  is  better.  Figs.  3  and  4  repeat  this  comparison  but  for  pulse  basis  functions.  The 
Gala  kin  solutions  are  much  better  than  the  colocation  results  for  the  same  number  of  basis 
functions,  but  again  colocation  is  superior  fix  the  same  computer  run  time. 

(B)  Basis  functions  that  correspond  to  discontinuous  current  are  much  inferior  to  those  that 
correspond  to  continuous  current.  Specifically,  in  one  dimension  triangular  basis  functions  are 
much  better  than  pulse  basis  functions. 

From  the  point  of  view  of  integration  theory,  this  would  seem  to  be  questionable.  Basic 
numerical  analysis  texts  show  that  stairstep  (pulse)  integration  comparable  to  (and  in  fact  is  more 
accurate  than)  trapezoidal  (triangle)  Integration.  This  fact  would  lead  one  to  expect  that  results 
from  the  use  of  pulse  basis  functions  might  be  comparable  to  those  resulting  from  use  r> f  triangle 
basis  functions.  Figs.  5  and  6  use  the  sane  numerical  results  computed  for  Figs.  1-4  and  compare 
results  for  triangle  and  pulse  basis  functions,  first  for  Galerlon  and  then  for  colocation.  For 
Galerkin  weighting  die  triangle  results  are  slightly  better.  The  colocation  comparison  shows  a 
larger  difference,  but  clearly  both  curves  are  similar  and  converge  well  to  an  accurate  answer. 

(C)  Results  from  different  methods  can  be  meaningfully  compared  even  though  the  computations 
have  not  converged. 

This  is  a  general  error  not  confined  to  the  moment  method,  but  is  well  illustrated  by 
several  well-known  results  obtained  with  the  moment  method.  As  an  example,  the  input  current 
for  the  infinite*!  mil -gap-fed  dipole  has  been  solved  numerically  a  number  of  times  and  some 
attempts  have  been  made  to  compare  the  results,  it  is  known  theoretically  that  the  imaginary  put 
of  the  input  current  is  infinite  and  hence  numerically  can  never  converge  to  a  definite  value.  This 
has  apparently  not  been  noticed  became  most  of  these  analytes  have  used  a  relatively  small 
number  of  basis  functions. 


|D|  Singularities  in  the  Green's  function  are  bad  and  the  reduced  Green  function  is  a  good 
approximation. 

Although  the  presence  of  singularities  in  the  Green's  function  require  careful  handling, 
their  presence  makes  the  integral  equation  well  pored.  Although  a  useful  approximation  in  some 
circumstances,  the  reduced  Gleans  function  does  not  have  a  singularity  and  hence  the 
corresponding  integral  equation  is  ill-pored.  If  the  numbs  of  basis  functions  is  steadily  increased, 
eventually  the  solution  becomes  totally  unstable. 


(E)  The  Greens  function  is  integrated  numerically,  except  where  analytic  expression:-  are 
available. 


The  spectral  method  usually  leads  to  expressions  for  die  Green's  tunc  non  as  •  Fourier 
series  or  a  Fourier  integral.  In  the  case  of  Fouria  aeries,  the  moment  integration  usually  can  be 
applied  term-by-term,  and  one  never  computes  the  Green's  function.  In  this  case,  the  Galerlon 
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method  results  in  much  faster  convergence. 

(F)  The  matrix  of  coefficients  is  inverted  to  find  the  solution. 

This  usually  is  probably  just  a  matter  of  semantics,  but  some  people  takes  the  statement 
literally.  Solution  of  a  set  of  linear  'lgrbraic  equations  by  inversion  of  the  matrix  is  terribly 
inefficient  and  should  never  be  done. 

CONCLUSIONS 

The  examples  presented  here  suggest  that  care  be  taken  in  interpreting  "well-known  truths."  A 
realistic  look  at  the  results  of  numerical  computations  should  be  taken  in  the  comparisons  of 
various  methods.  One  should  be  careful  about  believing  all  of  the  established  truth  (folklore.)  The 
author  has  same  concern  that  others  may  have  concentrated  on  other  problems  and  drawn 
different  conclusions  than  expressed  here.  These  topics  should  be  more  fully  discussed. 
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Figure  1.  Galerkin  and  colocation  solutions  with  triangle  basis  functions. 


Figure  2.  Galerkin  and  ci1  location  solutions  with  triangle  basis  functions. 
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Figure  3.  Galerldn  and  colocation  solutions  with  pulse  basis  functions. 
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Figure  5.  Gaierldn  solutions  with  triangle  and  pulse  basis  functions. 


Figure  6.  Colocation  solutions  with  triangle  and  pulse  basis  functions 
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Transient  Electromagnetic,  Acoustic  and  Elastic 
Wave  Scattering  in  2D 
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Introduction 

Recently,  a  unified  numerical  scheme  to  solve  transient  acoustic,  electromagnetic  and  elastic 
wave  scattering  has  been  developed,  which  utilizes  the  Finite  Integration  Technique  (FIT) 
originally  applied  to  Maxwell’s  equations  [1,2],  whence  the  acronyms  AFIT  for  acoustics,  EM- 
FIT  for  electromagnetics,  and  EFIT  for  elastodvnamics.  The  concise  and  broad  evaluation 
of  EMFIT  has  resulted  in  the  well-established  MAFIA  computer  code  [3],  whereas  EFIT  is 
relatively  new  [4],  and  AFIT  resulted  as  a  byproduct  during  the  development  of  EFIT  [5].  In 
[4],  stability,  convergence  and  consistency  of  the  EFIT  code  in  2D  and  3D  is  addressed.  As  a 
matter  of  fact,  in  two  spatial  dimensions,  Maxwell’s  equations  can  be  completely  decoupled 
into  two  scalar  problems  —  the  TE-  and  TM-case  —  and,  therefore,  it  seems  appropriate 
to  validate  the  essentially  scalar  AFIT  code  —  specialized  to  2D  —  against  canonical  2D 
scattering  and  diffraction  problems,  which  could  be  analytically  solved.  The  possibly  most 
famous  oue  among  those  is  Sommerfeld’s  half-plane  diffraction  problem  (6).  Recently,  Shirai 
and  Felscn  [7]  published  a  hybrid  ray-mode  technique  to  solve  the  coupling  of  a  plane  wave 
into  a  twodimensional  waveguide  at  least  approximately  for  high  frequencies.  The  present 
paper  compares  the  numerical  results  of  AFIT  with  Sommerfeld’s.  Shirai’s  and  Fekon’s  re¬ 
sults  and  states  excellent  agreement;  it  even  answers  the  question  when  the  Shirai- Felscn  high 
frequency  approximation  is  no  longer  good  enough. 

Basic  Equations 

FIT  is  based  on  the  integral  formulation  of  the  basic  field  equations,  i.e.  Maxwell's  equations 
in  integral  form  in  the  case  of  EMFIT.  These  read: 

//h(R)H(R,t).nd5  =  -  <^)£(E.t) -sdR  -  JJ  Jm(R,t) -ndS  (1) 

r«m  A,-,-. 
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when  Ji(B,  ()  and  £(£,  f)  denote  magnetic  and  electric  field  strengths,  respectively,  sis  func¬ 
tion  of  position  R  and  time  f;  s(R)  and  p(R)  characterize  an  inhomogeneous  medium  in 
terms  of  permittivity  and  permeability.  The  field  sources  are  given  by  electric  and  magnetic 
current  densities  J,(R,  f)  and  J^IR,  t).  The  double  integrals  extend  over  open  surfaces  I\„ 
with  unit  normal  n,  whereas  the  line  integrals  extend  over  the  closed  boundary  contour  Aem 
of  r„„  with  unit  tangential  vector  s.  The  top  dots  indicate  time  derivatives. 

In  scalar  acoustics,  the  material  parameters  are  mass  density  gao  (R)  and  compressibility 
x(g),  the  field  quantities  are  pressure  p(R,  i)  and  particle  velocity  v(R,  i),  and  the  sources 
are  forces  £(R,  t)  as  well  as  deformation  rates  /ifl(R,  t).  Hence,  the  following  equations 


JJJ  f.o  (R)y(R,f)dV  = 

n4 

-  JJ  np(R,  ()  dS  +  JJJ L(R,<)dF 

r.  u. 

(3) 

JJJ  «(R)p(E,<)dk'  = 

ft. 

JJ  U  •  v(R,  t)dS  +  JJJ  A.(R,  f )  dV 

r,  ft. 

(4) 

hold,  which  relate  acceleration  forces,  volume  forces  and  forces  of  inertia  —  equation  (3)  — 
and  deformation  rates  (equation  (4)).  The  triple  integrals  extend  over  volumes  fl„,  whereas 
the  double  surface  integrals  are  to  be  taken  over  the  closed  surfaces  I'„  of  fl„  with  outward 
normal  n. 

In  elastodynamics,  the  physics  of  equ.’s  (3)  and  (4)  has  to  be  generalized  to  solids  being 
characterized  by  a  mass  density  g &  (R)  and  a  forth  rank  compliance  tensor  s(R);  the  sym¬ 
metric  part  of  the  second  rank  tensor  ny(R,lj  defines  the  time  derivative  of  the  strain  tensor 
after  integration  over  the  volume  fl,  and  transformation  into  a  surface  integral  with  surface 
r,  applying  Gauss’  theorem.  In  linear  elastodynamics  the  strain  tensor  is  related  to  the  stress 
tensor  j£(R,  i)  through  Hooke’s  law  via  the  double  contraction  with  the  compliance  tensor. 
These  remarks  illustrate  the  basic  equations  of  elastodynamics: 


JJJ  Prf)  (SlitSiOdF  - 

n. 

JJ  ii  •  X(£,  0  d5  +  JJJ  MS*  t)  dv 

r«  ft. 

(5) 

JJJ  |(R):±(R,0dF  = 

^sym{nv(R,i)}d5  +  JJJ ]^{K,t)dV  . 

(6) 

n,  r,  n. 

Discretization 

FIT  chooses  two  cubic  staggered  grids  to  solve  the  basic  equations  numerically.  For  the  2D- 
TE  EMFIT.  as  well  aj  for  the  2D  AFIT  code  these  grids  are  displayed  in  Fig.  1.  As  usual, 
TE  indicates  an  electromagnetic  field  having  no  electric  field  component  in  that  direction 
from  which  all  field  components  are  independent;  here,  this  is  the  r-direct.ion.  The  discrete 
equations  resulting  from  an  approximate  integration  of  the  field  equations  arc  given  as  follows: 
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(7) 


Ev  -  Ev  +Ti^r  j ~ 


The  grid  widths  are  given  by  Ai  and  Ay,  and  time  —  counted  by  discrete  values  of  2  -  is 
discretized  in  Ai-incrcmcnts  in  terms  of  a  central  difference  formula;  the  details  can  be  found 
in  (2J,  [4|  and  (5).  It  should  be  pointed  out,  that  —  at  least  for  EMFIT  —  it  has  been  proven, 
that  the  discrete  equations  have  the  same  physical  properties  as  the  continuous  system  of 
Maxwell’s  equations  [2j. 

Sommerfeld’s  Half-Plane  Proolem 

Fig.  2  illustrates  Sommerfeld’s  half-plane  problem:  A  plane  TE-polarizea  time  harmonic  wave 
of  wavenumber  k  -  ?.it/X  is  incident  upon  an  infinitely  thin  perfectly  conducting  half-plane. 
This  electromagnetic  problem  is  equivalent  to  the  acoustic  problem  with  a  Neumann  boundary 
condition  of  vanishing  normal  derivative  of  the  pressure  on  the  half-plane.  Fig.  3  compares 
results  obtained  with  Sommerfeld’s  analytical  solution  and  with  the  EMF1T/AFIT  code,  re¬ 
spectively;  since  FIT,  in  this  presentation,  is  a  transient  scheme,  the  EMFIT  code  is  run  for  a 
switched-on  sinusoidal  wave  until  the  stationary  state  is  reached.  Absorbing  boundary  condi¬ 
tions  prevent  reflections  from  the  finite  grid  boundaries.  Fig.  3  displays  the  magnitude  of  the 
//.-component  as  grey  scale  plots,  together  with  amplitude  variations  along  two  particularly 
chosen  lines.  Obviously.  EMF1T/AFIT  is  perfectly  validated  against  the  analytical  solution. 

Shirai’s  and  Felsen’s  Open-Ended  Waveguide  Problem 

Fig.  4  illustrates  the  problem  attacked  by  Shirai  an  Felsen;  a  plane  TE-polarized  time  har¬ 
monic  plane  wave  couples  into  an  open-ended  waveguide  composed  of  two  infinitely  thin 
perfectly  conducting  plates.  Their  method  of  solution,  which  involves  an  intricate  evaluation 
and  decomposition  of  spectral  integrals  into  rays  and  modes,  is  approximately  valid  for  high 
frequencies.  Fig.  0  gives  EMFIT/ AFIT  results  for  the  field  in  the  waveguide  in  terms  of  a 
grey  scale  plot,  and.  additionally,  lor  a  distance  of  kx  —  204  from  the  waveguide  aperture,  the 
cross-sectional  |//s|-field  amplitude  is  displayed;  Fig.  6  shows  the  results  of  Shirai  and  Felsen 
copied  from  their  paper  to  the  same  scale.  Obviously,  the  agreement  is  striking. 
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Infinitely  thin  half-plane 


Figure  2:  Sommerfeld’s  half-plane  problem 


Figure  4:  Shirai’s  and  Felsen’s  open- ended  waveguide  problem 


Figure  <j:  Shirai's  and  Fclsen’s  open-ended  waveguide  problem:  Results 
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Abstract : 

In  (his  paper  an  attempt  has  been  made  to  introduce  a  method  {or  evaluation  of  induced  overvoltages 
caused  by  nuclear  electromagnetic  pulse  (NEMP)  In  overhead  lines.  NEMP  occurs  in  space  in  high  altitude, 
due  to  nuclear  explosion  in  space.  The  paper  also  compares  the  induced  overvoltage  caused  by  NEMP,  with 
overvoltage  produced  by  lightning  electromagnetic  pulse  (LEMP).  In  LEMP  analysis,  lightning  is  a  local 
phenomena,  therefore  the  performance  of  transmission  lin  can  be  examined  conveniently,  using  suitable 
model  for  lightning  stroke  channel,  and  applying  innsmisiion  line  theory.  However  NEMP  covers  large  area 
simultaneously,  and  has  specific  characteristics.  So  it  is  impossible  to  utilize  transmission  line  theory  similar 
to  LEMP  analysis.  In  this  paper  direct  solution  of  Maxwell’s  equations  has  been  used  in  time  domain,  using 
electric  field  integral  equation  (EFIE)  tor  evaluation  of  induced  voltage  and  current  in  any  point  of  overhead 
line,  due  to  NEMP.  The  results  presented  it.  this  article  belong  to  33  kV  overhead  distribution  line.  With 
comparing  the  LEMP  and  NEMP  results,  it  is  found  out  that  the  overvoltage  protective  devices  (arresters), 
installed  at  the  receiving  or  sending  ends  of  transmission  line  may  protect  the  line  against  LEMP,  however  it 
may  fail  to  respond  against  NEMP. 


I )  Introduction: 

I  t  most  publications  the  performance  of  OHL  due  to  applied  electromagnetic  waves  ha  been  evaluated 
in  frequency  domain,  using  transmission  line  theory.  Then  the  voltage-time  and  current-tit  characteristics 
of  OHL  can  be  obtained  by  using  Fourier  transformation  [1,2].  It  is  clear  that  above  technique  can  not  be 
used  tor  narrow  pulses,  such  as  NEMP.  In  this  paper  time-space  integral  equation  is  used  for  evaluation  of 
voltage-time  and  current-time  characteristics  along  OHL,  in  order  to  be  able  to  asses  the  performance  of 
OHL  against  NEMP  [3].  The  following  items  hive  considerable  effects  on  induced  voltage  and  current 
caused  by  NEMP  : 

-  Geometry  of  OHL  such  as  length,  conductor  diameter,  height  of  conductor. 

•  System  configuration  such  as  both  ends  conditions. 

-  Periphery  conditions  such  as  earth  conductivity  and  permilivity. 

-  Location  of  OHL  for  considering  the  direction  of  incident  wave  caused  by  aucl  r  explosion. 

-  Polarization  of  incident  wave  in  respect  to  line  location  on  earth  surface. 


Keywords  : 

Nuclear  EJectnrmangnedc  Pulse  (NEMP)  .  Lightning  Electromagnetic  Pulse  (LEMP)  ,  Lightning  Induced  Voltage  iUVj  , 
Nuclear  Induced  Voltage  (NIV)  ,  Over  Head  Line  {OHL) 
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cloud 


Fig.l  :  Th ree  dimensional  XYZ  coordinate  with  return  stroke  channel  and  3-phaae  Power  conductors  (6). 


Fig.2  :  33  Kv  OHL  nearby  lightning  channel. 


Fjg. 3  :  Conventional  lightning  current  wave  shape  (4). 
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In  this  paper  with  comparing  the  results  belonging  to  LEMP  and  NEMP  for  sample  33  kV  line,  one  can 
find  out  considerable  differences  in  line  performance,  due  to  these  two  distinct  pulses.  The  accurate 
evaluation  of  above  items  provides  outstanding  idea  for  designing  new  devices  for  OHL  protection  against 
nuclear  explosions  . 


2)  Lightning  Induced  Voltage  (LIV)  : 


Fig.l  shows  the  geometry  of  OHL  line  along  with  lightning  stroke  channel.  The  results  presented  in  this 
section  are  related  to  tower  of  33  kV  line  shown  in  Fig.2.  The  lightning  current  wave  shape  is  depicted  in 
Fig.3.  The  method  for  LIV  evaluation  is  mentioned  exclusively  in  [4,5]  Fig.4  shows  LIV  for  following 
parameters  : 


Tf  =  12  ,usec 
h  =  13.7  m 
H  =  2  Km 

1:  b=03 


Te  =  100  msec 
lo  *=  100  KA 
X-0  ,Y=100  m 
2:  b-0.1 


Fig.5  shows  LIV  for  lo  -  200  kA  and  Y  =  200  m,  however  other  parameters  are  similar  lo  Fig.4.  Fig.6 
illustrates  normalized  LIV  for : 


lo  -  lkA ,  h  =  lm  ,Y  -  200m 


3)  NEMP  Effects 

3-1)  Characteristics  of  the  Electromagnetic  pulse  due  to  high  altitude  nuclear  explosion  : 

In  the  case  of  nuclear  explosion  in  high  altitude  above  the  earth  shown  in  Figs.7-a,  7-b,  many  Gamma 
photons  would  be  released.  These  photons  deliver  energy  to  the  electrons  which  arc  released  from  the  orbits 
of  space  molecules.  Such  electrons  are  called  Compton  electrons.  These  electrons  have  low  inertia,  therefore 
move  faster  than  produced  positive  ions.  Thus  some  son  Of  static  electric  field  can  be  established.  In 
addition,  due  to  earth  magnetic  field,  deviation  will  be  occured  in  initial  path  of  Compton  electrons.  Thus 
the  lime-variant  electric  current  causing  time  va riant  electromagnetic  wave  would  be  established  above  the 
atmosphere. 

Different  measurements  show  that  the  radiowave  caused  by  nuclear  explosion  can  be  shown  by 
electromagnetic  pulse  (6]; 


E(t)  =  A  [  exp(-at)-  exp(-pt)  ] 

Fig-8  illustrates  time  variation  of  such  pulse,  to ,  ti  and  A  are  related  to  explosion  parameter.,,  such  as  air 
density,  intensity,  altitude,  etc.  In  some  cases  to  is  less  than  few  nanoseconds,  and  the  maximum  amplitude  of 
electric  field  is  about  50  kV/m  . 

3-2)  Theoretical  Mfthod  : 

Fig.2  shows  33  kV  distribution  overhead  line  considered  in  this  paper  which  is  illuminated  by  NEMP  with 
following  parameters.  These  parameters  are  issued  by  North  Atlantic  Treaty  Organization  (NATO)  [7,3], 
therefore: 

A  *  50  kV/m  to  -  5  ns  ti  *  200  ns 

Now,  we  analyse  the  scattering  of  the  perfect  conductor  wires  illuminated  try  the  transient  elecuomagne 
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In  this  paper  with  comparing  the  results  belonging  to  LEM?  and  NEMP  for  sumple  33  kV  line,  one  can 
find  out  considerable  differences  in  Use  performance,  due  to  these  two  distinct  pulses.  The  accurate 
evaluation  of  above  items  provides  outstanding  idea  for  designing  new  devices  for  OHL  protection  against 
nuclear  explosions . 


2)  Lightning  Induced  Voltage  (UV)  : 


Flg.1  shows  the  geometry  o'  OHL  Une  along  with  lightning  stroke  channel.  The  results  presented  in  this 
section  ire  related  to  lower  o  V  line  shown  in  Fig.2.  The  lightning  current  wave  shape  is  depicted  in 

Fig.3.  The  method  for  LIV  c  lion  is  mentioned  exclusively  in  [4,5].  Fig.4  shows  L1V  for  following 

psiamelers  : 


Tf  -  1.2  fltcc 
h  -  13.7  m 
H  -  2Km 

1:  b-OJ 


Te  -  100  msec 
10  -  10OKA 
X-0  ,Y-100  m 
2:  b-0.1 


Fig.5  shows  LIV  for  Io  *■  200  kA  snd  Y  -  200  m,  however  other  paiamelers  are  similar  to  Fig.4.  Fig.6 
illustrates  normalized  LIV  for : 


Io  -  IkA  ,  h  -  lm  ,Y  -  200nt 


3)  NEMP  Effects 

3-1)  Characteristics  of  the  Electromagnetic  pulse  due  to  high  altitude  nuclear  espbekm  : 

In  the  case  of  nuclear  explosion  In  high  altitude  shove  the  eirth  shown  in  Figs-7-n,  7-b,  many  Gamma 
photons  would  be  released.  These  photons  deliver  energy  to  the  electrons  which  sre  released  from  the  orbits 
of  space  molecules.  Such  electrons  ire  called  Compton  elections.  These  electrons  have  low  Inertia,  therefore 
move  lister  than  produced  positive  ions.  Thus  some  sort  of  static  electric  field  csn  be  established.  In 
addition,  due  to  earth  magnetic  field,  deviation  will  be  occured  in  initial  path  of  Compton  electrons.  Thus 
the  time-variant  electric  current  causing  time-variant  electromagnetic  wave  would  be  established  above  the 
atmosphere. 

Different  measurements  show  that  the  radiowavc  caused  by  nuclear  explosion  can  be  shown  by 
electromagnetic  pulse  [6]: 


E(t)  -  A  [  exp(-at)-  exp(-fit)  j 

Fig.8  illustrates  time  variation  of  such  pulse,  to ,  <1  and  A  are  related  to  explosion  parameters,  such  as  air 
density,  intensity,  altitude,  etc.  In  some  cases  to  is  leu  than  few  nanoseconds,  snd  the  maximum  amplitude  of 
electric  field  is  about  50  kV/m  . 

3-2)  Theoretical  Method  ; 

Ftg.2  shows  33  kV  distribution  overhead  line  coruidcied  in  this  paper  which  is  illuminated  by  NEMP  with 
following  parameters.  These  parameters  are  issued  by  North  Atlantic  Treaty  Urganuation  (NATO)  |7,»j, 
therefore: 

A  -  50  kV/m  to  -  5  ns  tt  -*•  200  ns 

Now,  we  analyse  the  scattering  of  the  perfect  conductor  wires  illuminated  by  the  transient  electromagnetic 
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waves  [3,9).  Rcffering  to  '  ig.9,  ihe  incident  wave  {  €, ,  ht  )  is  reflected  (er,hr)  by  the  ground,  as  a  result 
the  total  field  is  e,  =  e,  (-  er  ■ 

The  total  field  wifi  induce  a  current  l(M,t)  on  the  perfect  conductor  wire  and  the  induced  current  will 
generate  the  scattered  field  (ed<hd  ).  Therefore,  the  toul  field  in  the  space  is 

e(P,t)  =  iJP.l)  +  e/P,t) 

Now  by  the  continuity  of  the  electric  field  on  the  antenna  OKL,  we  have 

s  .  e(M,t)  *  0 

s.  [  ea(M>t)  +  e/M,t)  J  =  0 

Considering  that  is  the  result  of  the  induced  current  on  the  power  line,  we  get 

ed(M,t)  =  L(f(M,t)) 

where  L  is  the  integro-differential  operat  derived  from  Maxwell’s  equations.  Therefore,  the  integral 
equation  for  the  induced  current  on  the  pcwi .  line  is  [3] 


,s.R  d  I 
R  2  as0 


,t )  =  ^  f  (i0,f0)  * 

**  JCo  l  R  a‘o 

<*•■'•>  *  ’’hf  C  U. 


1  a  I 
r‘  dt' 


(*0>'o)  -  v  -  f 2  ff  (J0  ’  (0  ) 

R  2  ds0 


A  i 


-  *  r'  o 

.  r  a  i 

R *3  •'o  dS[) 


(s0  ,  x)dr 
1/2 


dCo 


R  =  [(^-^'o)2  +  fl2]  .  R*  =  [(*-*o)2  +  °2] 

v  =  r^s  ,  <„  =  t  -«/v  ,  f*  =  I  -  R* /v 
N  h 


i/2 


Noie  that  ea  represent  ihc  plane  w»ve  uuc  iu  NEMP  «ud  its  iefi&ction  by  the  ground  (perfect  conductor) 
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and  the  integrations  ire  performed  on  the  wires  that  model  the  transmission  line.  Now  the  resultant 
equation  is  solved  by  the  method  of  moment  in  the  time  domain  and  the  induced  currents  and  voltages  on 
the  wires  are  calculated  |9], 

4)  Simulation  Results  : 

In  this  section  some  simulation  results  will  be  presented  (or  illustrating  the  effects  of  NEMP  on  induced 
overvoltage  in  33  kV  OHL.  In  any  simulation  procedure,  the  main  goal  is  to  reduce  the  storage,  and 
computing  time.  Mtus,  firstly  tUt  authors  have  decided  to  test  the  effect  of  line  length.  For  this  purpose  three 
distinct  single  conductor  lines  with  earth  return  and  the  length  of  50 , 100  and  200  m  hove  been  examined 
(single  phase  electromagnetic  line). 

For  these  lines  two  cases  are  observed  : 

•  case  1  :  both  ends  are  terminated  to  characteristic  impedance  (Fig.10). 

-  case  2  :  both  ends  are  open  (Ftg.ll). 

Fig.10  shows  the  overvoltages  of  above  three  single  phase  lines  at  sending  <>r  receiving  ends  caused  by 
NEMP.  For  deducing  these  plot  it  is  ss timed  ihct  all  points  along  the  line  are  illuminated  simultaneously 
and  electric  field  integral  equation  (EF1E)  technique  has  been  used  for  solving  Maxwell's  equations.  It  can  be 
seen  that  in  all  three  single  phase  lines  (Fig.10),  all  overvoltages  will  be  eventually  damped.  It  is  also  dear 
that  the  voltage  rites  sharply  at  one  end,  reaching  the  first  poeitive  peak.  For  50  m  line,  after  the  other  eod 
received  wave  t rave  11s  50  a  with  light  velocity,  the  voltage  drops  sharply  towards  fits!  negative  peak,  which 
will  be  eventually  damped.  For  100  and  200  m  single  phase  lines,  sharp  voltage  drop  towards  associated 
negative  peak  occurs  at  100  and  200  in  respectively.  Therefore  if  the  line  length  is  assumed  to  be  infinity, 
first  positive  peak  will  be  seen,  howerer  first  negative  peak  will  not  be  appeared. 

Fig.ll  illustrates  the  transient  overvoltages  caused  by  NEMP  for  above  single  phase  lines,  while  both  ends 
are  open.  It  can  be  seen  that  the  first  positive  peak  with  sharp  rise  time  is  similar  for  all  lines  with  different 
length. 

Since  [or  selection  of  protection  schemes  first  peak  value,  and  associated  rise  time  is  necessary  and 
sufficient  quantities,  therefore  for  saving  computing  time  50  m  line  is  selected  for  digital  simulations.  Nov/ 
suppose  50  m  three  phase  33  kV  distribution  line  shown  in  Fig2.  It  is  assumed  that  one  end  is  open 
circuited  and  other  end  is  terminated  to  characteristic  impedance.  FlgS.12  to  15  show  the  induced 
overvoltages  caused  by  NEMP  for  different  location  of  OHL,  in  respect  to  point  of  nuclear  explosion.  Note 
that  in  Fig.15  voltage  wave  appears  at  the  point  under  consideration  with  time  delay,  exactly  equal  to  time 
corresponding  lo  passing  50  m  with  light  velocity.  The  results  shows  that  protective  schemes  such  as 
arresters,  which  is  capable  lo  protect  the  system  against  lightning  stroke,  is  not  sufficient  protective  device 
for  protection  the  system  against  nuclear  explosion 


Conclusions  : 

By  comparing  the  LIV  and  NIV,  presented  in  this  article,  it  is  concluded  that  : 

-  In  calculating  LIV,  the  probability  of  lightning  current  magnitude  in  order  of  100  to  200  IcA  is  3.77% 
[10).  In  this  article  the  above  two  cases  have  been  examined  For  b  *  0.3,  the  voltage  amplitude  would  be  850 
to  1800  kV  respectively. 

However  it  is  shown  that  for  b  =c  o.l  voltage  peas  would  be  much  higher.  The  probability  of  lightning 
current  magnitude  in  order  of  50  IcA  and  higher  is  223%.  If  b  »  0.3  the  voltage  amplitude  for  50  kA,  will  be 
430  kV  [5J.  Therefore  for  current  higher  lhat  50  kA,  the  induced  voltage  will  be  more  than  430  kV  which  is 
harmful  for  distribution  lines.  The  rise  time  of  LTV  is  about  few  microsecond. 

-  Is  calculating  NIV,  it  is  found  out  that  the  peak  voltage  would  be  more  than  1000  kV  and  induced 
overvoltage  rise  time  is  about  Tew  nanoseconds.  Although  the  voltage  magnitude  of  NIV  (>1000  kV)  is  less 
than  voltage  magnitude  ol  LIV  (1800  kV  in  case  of  250  kA  lightning  current  ),  but  the  rise  time  in  NIV  is 
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kV/  m 


more  highly  less  this  rile  time  of  LIV. 

-  By  comparing  the  results  of  LIV  and  NIV  it  is  dear  that  both  phenomenas  such  as  LEMP  and  NEMP 
will  have  harmful  effects  on  OHL  partlculary  for  distribution  and  subtransmission  systems. 

-  By  installing  lightning  arresters  the  OHL  can  be  protected  against  LIV,  caused  by  LEMP.  However 
these  arresters  can  not  protect  the  system  against  NIV,  caused  by  NEMP.  The  main  reason  is  that  the 
risetime  in  LIV  is  about  few  microseconds,  while  the  rise  lime  in  NIV  is  around  nanoseconds. 

-  Due  to  large  pro  '  developing  and  third  world  countries,  as  well  as  developed  and  western  nations 

in  nuclear  technology  ggest  that  intensive  efforts  should  be  made  into  research  of  designing  new 

equipments  to  respond  .  ■  NIV  as  well  as  LIV. 
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Monopole  Near-Field  Coupling  Analysis  — 
Coapariaon  of  Experimental  and  NEC  Results 
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ABSTRACT 

This  paper  examines  the  capability  of  the  Numerical 
Electromagnetic  Code  (NEC)  to  predict  near-field  coupling  between 
monopoles  located  on  a  common  ground  plane  (co-site  location) .  NEC- 
computed  coupling  data  are  compared  to  measured  data  that  were 
collected  in  two  separate  experimental  investigations.  The  initial 
investigation  focuses  on  coupling  between  two  monopoles  mounted  on  a 
flat  ground  plana  at  antenna-to-antenna  spacings  varying  between  3 
wavelengths  and  3.05  wavelengths  (A).  NEC  dcta  generated  using  an 
infinite  ground  plane  (IGP)  modal  are  presented  for  this  comparison. 
The  second  investigation  examines  coupling  between  monopolas  mounted 
on  an  equipment  shelter  of  an  Army  Command  and  Control,  Communications, 
and  Intelligence  (C’l)  vehicle.  Aluminum  ecale  models  of  the  equipment 
shelters  were  constructed  end  measured  coupling  data  were  collected  for 
typical  antenna  locations  on  the  models  (a  total  of  six  coupling 
paths) .  All  antenna  spacings  on  the  scale  models  were  less  than  one 
wavelength.  NEC  wire  mash  models  of  the  top  surface  (antenna  mounting 
surface)  of  the  equipment  shelter  were  used  to  generate  NEC  coupling 
values  for  this  comparison.  The  measured  scale  modal  data  was  compared 
to  NEC-computed  data  using  both  the  mash  models  and  the  IGP  model. 
Coupling  data  computed  using  the  IGP  model  compared  well  with  the 
measured  data  far  both  the  flat  ground  plane  and  equipment  shelter 
investigations.  The  mash  models  performed  well  for  five  of  the  six 
coupling  paths  in  the  equipment  shelter  investigation. 


INTRODUCTION 

Near-field  coupling  predictions  are  an  important  part  of 
electromagnetic  compatibility  (INC)  analysed  in  which  two  or  more  low 
frequency,  low  gain  monopo.'e  ...cennas  are  mounted  on  a  single  ground 
vehicle  or  aircraft.  Also,  in  thase  types  of  analysss,  there  is  often 
an  uncertainty  as  to  how  the  limited  ground  plane  area  affects  the 
impedan'  e  and  the  coupling  characteristics  of  the  monopoles.  This 
paper  examines  the  capabilitiee  and  usefulness  of  NEC  when  used  as  a 
tool  for  calculating  the  near-field  coupling  of  monopoles  located  in 
these  limited  ground  plane  situations. 

The  usefulness  of  a  computer  code  is  judged  by  how  accurately  it 
can  predict  real  (ssasursd)  quantities.  In  this  'p'ar*s*r,  tha  accuracy 
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of  the  NEC  coupling  prediction*  were  evaluated  by  comparing  calculated 
coupling  values  with  neasurad  data  that  were  collected  in  two  separate 
experimental  investigations.  The  initial  investigation  was  carried  out 
using  two  tuned  quarter-wave  monopoles  mounted  on  e  thin  flat  aluminum 
ground  plana.  Coupling  was  measured  for  monopole  spacing*  of  three 
wavelengths  down  to  one-twentieth  of  a  wavelength  (X) .  Also,  impedance 
effects  induced  by  locating  a  monopole  close  to  the  edge  of  the  ground 
plane  were  investigated.  NEC  coupling  data  generated  using  an  infinite 
ground  plane  (IGF)  model  are  compared  with  the  measured  ground  plane 
data . 


The  second  investigation  involved  mudelinq  the  equipment  shelter 
of  a  C*I  vehicle.  These  vehicles  often  have  two  or  more  VHF  whip 
antennas  mounted  on  the  top  of  the  equipment  shelter  in  the  rear  cargo 
bay.  Tha  spacing  betwaan  the  antennas  is  typically  only  a  faw  tanths 
of  a  wavalangth  at  tha  low  end  of  the  VHF  band.  scaled  box  shaped 
models  of  the  equipment  shelter  were  constructed  end  coupling 
measurements  were  mad*  fo  scaled  quarter-wav#  monopoles  mountad  at 
various  locations  on  these  >oxas.  NEC  wire  mash  models  reprasanting 
the  top  plate  surface  (antenna  mounting  surface)  were  created  and  the 
coupling  data  genaratad  with  tha  mesh  modala  ware  compared  with 
measured  data.  In  addition,  coupling  values  obtained  with  tha  IGF 
modal  were  also  compared  to  tha  scale  model  measured  data. 


NEC  COUPLING  CALCULATION  METHOD 


The  NEC  code  uses  network  admittance  parameters  to  celculate 
coupling  between  antenna  faad  ports.  The  code  can  calculate  coupling 
between  us  many  as  five  antennas ;  hovevar,  in  this  investigation  only 
tha  coupling  between  two  antennae  wee  considered.  Any  two  antennas  can 
be  traatad  as  a  two  port  network  and  analyzed  using  network  admittance 
or  Y-parameter*  (See  Figure  1).  In  Figure  1,  Port  1  is  the  feed  port 
of  the  first  antenna  and  Port  2  is  the  feed  port  of  the  second  antenna. 
The  four  variables  of  interest  are  the  voltage  and  current  at  the  feed 
port  of  the  first  antenna  (V,,I,)  and  the  voltage  and  current  at  the 
feed  port  of  the  second  antenna  (V,,I,).  only  two  of  the  four  variables 
are  independent  and  their  linear  relationship  can  be  expressed  as 


(la) 


(lb) 


Y„  and  Y2,  arc  determined  by  setting  V2  to  zero  and  are  defined  as 

I  v,-o  ( 2 ) 

^Zl*  ~y~  1  V,BO  (  3  ) 

Yu  and  Y22  are  determined  by  setting  V,  to  zero  and  are  defined  as 
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NEC  determines  the  Y-pararaeters  sequentially  as  shown  above.  First, 
the  over-defined  excitation  is  applied  to  the  feed  port  of  antenna  i 
and  the  feed  port  of  antenna  2  is  short-circuited.  1,  and  I,  are 
derived  from  the  method  of  moments  calculation  and  thus  y,,  and  Y„  are 
determined.  Next,  the  user-defined  excitation  is  applied  to  the  feed 
port  of  antenna  2  and  the  feed  port  of  antenna  l  is  short-circuited. 
Aqain,  I,  and  I2  are  calculated  and  thus  Y12  and  Ya  can  be  determined. 


once  the  Y-parameters  have  been  determined,  the  coupling  between 
the  two  antennas  is  calculated  by  finding  the  ratio  of  the  network's 
output  power  to  it's  input  power.  This  ratio  cnn  be  expressed  as 


Pi  KelYi*)  Vy 


(6) 


V,  is  the  output  voltage  at  Port  2  and  Re  YL  is  the  real  part  of  the 
load  admittance.  V,  is  the  input  voltage  at  Port  1  and  Re  Y^  is  the 
real  part  of  the  admittance  looking  into  Port  1.  Equation  (6)  can  be 
solved  in  terms  of  the  Y-parameters  and  the  load  admittance  YL .  By 
using  equation  (1)  and  solving  Y.  -  I,/V,  with  I,  «  -V, YL,  Y.  can  be 
expressed  as 


i'ia-l'n 

J 

Equation  (1) 

can  also  be  used  t; 

express 

ratio  as 

KL 

1  1 
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Thus,  the  power  gain  or  oupling  can  be  expressed  as 

A1  [y  |i 

o _  t-1  Lilli 

I  -in'  I  Y,  *  Y12  I2 


(9) 


NEC  calculates  only  the  maximum  possible  coupling  by  using  a  YL  that 
insxi-Sizss  Equation  (9)  .  Th.is  pairfcctly  satchsd  VL  is  £cunc!  ucinq  the 
Linville  Analysis  approach  Additional  loss  due  to  the 
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mismatch  between  the  output  antenna  port  and  an  actual  load  can  be 
calculated  by  hand.  There  are  versions  of  MININEC  that  allow  a  user- 
defined  load  impedance  to  be  used  [3]. 


GROUND  PLANS  COUPLING  ANALYSIS 

GROUND  PLANE  TEST  CONFIGURATION 

All  coupling  experiments  were  conducted  in  a  20'X  16'  anechoic 
chamber.  The  ground  plane  used  was  a  4 ' X  s',  l/l6th  inch  thick 
aluminum  sheet.  The  monopoles  used  in  the  ground  plane  tests  and  the 
subsequent  scale  model  equipment  shelter  tests  were  constructed  from 
N-typn  panel-mount  connectors  and  brass  rods  (0.072"  in  diameter).  A 
brass  rod  was  soldered  to  the  solder  cup  of  each  panel-mount  connector 
as  shown  in  Figure  2 . 

The  monopoles  were  mounted  in  the  center  of  the  ground  plane  for 
tuning.  The  length  of  the  brass  rod  was  then  trimmed  until  the  antenna 
was  resonant  at  500  MHz .  The  monopole  used  as  the  transmit  antenna  was 
tuned  to  an  impedance  of  55.0  +  j7.3  (Return  Loss  =  -21.6  dB)  and  the 
receive  monopole  was  tuned  to  a  similar  impedance  of  56.1  +  j7.4 
(Return  Loss  =  -20.9).  The  measured  impedances  were  determined  using 
a  HP  87525  Network  Analyzer.  In  order  to  determine  ground  plane  edge 
effects  I  the  impedance  of  the  antennas,  one  of  the  tuned  monopoles 
was  sequentially  mounted  at  locations  0.5k  and  O.lX  from  the  ground 
plane's  edge.  When  mounted  0.5X  from  the  edge,  the  magnitude  of  the 
impedance  changed  only  0.5%  and  the  phase  changed  only  2.0  degrees. 
At  the  O.lX  location,  the  magnitude  changed  by  9-8%  and  the  phase  by 
7.9  degrees.  This  result  indicates  that  effects  on  the  antenna's 
impedance,  and  thus  it's  coupling  characteristics,  due  to  the  finite 
ground  plane  is  negligible  for  antenna  locations  greater  than  0.5 
lambda  from  an  ;dge.  Also,  this  result  supports  previous  studies  that 
showed  that  the  location  of  two  antennas  mounted  on  a  finite  ground 
plane  had  little  effect  on  the  coupling  between  the  antennas  [4J,(5]. 

The  ground  plane  test  was  conducted  with  both  antennas  located 
along  the  canter  line  of  the  ground  plane  as  shown  in  Figure  3.  At  the 
test  frequency  of  500  MHz  the  ground  plane  is  approximately  two 
wavelengths  wide  and  four  wavelengths  long.  The  transmit  and  receive 
antennas  were  initially  located  0.5X  from  each  edge  of  the  ground 
plane.  The  receive  antenna  was  then  stepped  in  toward  the  transmit 
antenna  at  either  four-inch  or  two-inch  increments.  At  each  location, 
the  coupling  between  the  antennas  was  measured  using  the  HP  8752A 
Network  Analyzer.  The  various  antenna  spacings  ranged  from  three 
wavelengths  to  l/20th  of  a  wavelength.  This  test  insured  that  the 
antennas  were  never  closer  than  0.5X  to  the  edge  of  the  ground  plane. 
Thus,  edge  effects  on  the  antennas  were  negligible  and  all  impedance 
changes  could  be  attributed  to  mutual  coupling  between  the  monopoles. 

COMPARISON  OF  MEASURED  AND  CALCULATED  DATA 

In  Figure  4  the  measured  ground  plane  data  is  compared  with 
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calculated  values  using  the  Friis  far— field  coupling  equation  and  NEC. 
The  Friis  equation  is  defined  as 

Coupl.ir.g-Gt*G  -201og  (4 xd/A)  (10) 


vhere, 

G,  -  Transmit  antenna  gain,  dBi 

G,  -  Receive  antenna  gain,  dBi 

d  -  antenna  spacing 

A  -  wavelength 

For  aonopoles  mounted  on  a  common  ground  plane  there  is  an  uncertainty 
as  to  what  gain  values  should  be  used  in  the  Friis  aquation.  The  far- 
fiald  gain  patterns  of  monopoles  vary  significantly  as  a  function  of 
ground  plane  size.  However,  for  line  of  sight  coupling,  it  was 
reasoned  that  two  monopoles  on  a  common  ground  plane  would  be 
equivalent  to  two  dipoles  in  free  space.  Thus,  an  ideal  dipole  gain 
of  2.15  dBi  was  used  for  both  the  transmit  and  receive  antennas.  At 
some  point,  as  the  antanna-to-antenna  spacing  is  decreased,  the 
measured  data  should  diverge  below  the  Friis  calculated  values.  This 
is  because  the  Friis  equation  has  no  mechanism  for  taking  into  account 
mutual  coupling  effects.  From  Figure  4,  it  can  be  seen  that  the 
measured  coupling  does  start  to  diverge  below  the  calculated  Friis 
values  at  a  spacing  of  approximately  1.2  wavelengths.  Also,  it  should 
be  noted  that  for  spacing*  between  1.2  wavelengths  and  3  wavelengths 
the  measured  coupling  was  somewhat  higher  (as  much  as  2.2  dB)  than  that 
predicted  by  the  Friis  equation. 

The  NEC  values  were  obtained  by  modeling  two  quarter-wave 
monopoles  mounted  on  an  infinite  ground  plane  (IGP)  .  It  was  hoped  that 
the  IGP  model  would  be  valid  since  it  had  already  been  determined  that 
antenna  impedance  effects  due  to  antenna  proximity  to  the  ground 
plane's  edge  were  negligible.  The  NEC  calculated  data  tracks  the 
measured  date  very  well  for  spacings  between  1.2  wavelengths  and  0.1 
wavelengths  and  is  only  1.4  dB  lower  than  the  measured  value  at  the 
0.05  wavelength  spacing.  The  NEC  calculatsd  coupling  for  monopoles  is 
identical  to  dipole  coupling  for  any  given  spacing.  This  is  because 
the  impedanco  at  the  aonopole's  feed  segment  is  halved  relative  to  a 
dipole  and  therefore  the  current  is  doubled  relative  to  a  dipole. 
However,  the  coupled  current  onto  the  second  monopole  is  also  doubled 
and  the  relative  coupling  is  identical  to  ths  values  calculated  between 
two  dipoles.  It  can  be  seen  that  the  NEC  data  merges  with  the  Fi  Is 
curve  for  spacings  above  1.2  wavelengths. 


•CALS  MODEL  COUPLING  ANALYSIS 
SCALE  MODEL  TEST  CONFIGURATION 

The  purpose  of  the  scale  model  testing  was  to  simulate  the 
coupling  between  VHF  whip  antennas  located  on  the  top  of  a  -s— 250  c'l 
equipment  shelter.  The  VHF  communications  systems  in  the  shelter 
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operate  over  a  band  of  30.0  -  38.0  KHz  and  scale  models  that 
represented  the  low  and  hiqh  end  of  this  'or nd  wore  built.  The  models 
are  box  shaped  and  were  constructed  from  flat  aluminum  plates.  The 
first  model  vat  built  to  a  1/4.4  scale  so  that  testing  at  390  MHz  would 
be  representative  of  tasting  the  actual  equipment  shelter  at  83  MHz. 
The  second  model  was  built  to  a  scala  of  1/11.67  and  war  tested  at  350 
KHz  to  represent  testing  of  the  actual  sheltsr  at  30  KHz.  Holes  for 
mounting  the  aonopole  antennas  were  cut  in  three  of  the  four  comers 
of  the  top  plate  of  each  box.  The  mounting  holes  are  centered 
approximately  5/8”  from  both  edges  of  a  corner.  The  corner  locations 
were  .hocen  because  they  are  representative  of  typical  antenna 
locations  on  an  equipment  sheltsr.  The  S-250  box  model  is  illustrated 
in  Figure  5. 

The  antenna  locations  (on  the  top  surface  of  the  models)  are 
labeled  A,  P,  and  C  (Sea  Figure  6)  .  The  electrical  lengths  of  the 
coupling  paths  arc  also  shown  in  Figure  6.  The  "LB"  indicates  the 
large  box  dimensions  (1/4.4  scale  modal)  and  "SB”  indicates  the  small 
box  dinensions  (1/11.67  scale  model).  Antanna-to-antenna  coupling  from 
locations  A  to  B,  A  to  C,  and  B  to  C  were  meesured  for  each  box. 


For  tie  scale  model  coupling  analysis,  NEC  wire  mash  models  were 
created.  0,.ry  the  top  plate  surface  (antenna  mounting  surface)  of  the 
equipment  shelter  scale  models  were  simulated  with  the  wire  mesh.  The 
purpose  of  the  wire  mesh  modeling  was  to  determine  if  mesh  models  would 
predict  the  mesLurad  coupling  more  accurately  than  the  infinite  ground 
plane  mode)  It.  was  felt  that  possibly  the  IGP  model  would  not  be 
appropriate  since  the  antennas  were  mounted  only  0.02X  from  the  corner 
edges  of  the  equipment  shelter  box  models. 

A  common  general  guideline  for  mesh  modeling  is  that  the  total 
sur.tice  area  of  the  wire  segments  comprising  the  mesh  should  at  least 
be  equal  to  twice  the  actual  surface  araa  to  be  modeled  (6).  The  total 
>•:  :e  mesh  surface  area  can  be  calculated  as  follows, 

X 

2rlxiLi  (11) 

a-o 

where 

A  «  Total  surface  area  of  the  wire  mesh 
*  radius  of  the  ith  wire  segment 

Is  =*  length  of  the  ith  wire  segment 

In  addition,  it  is  generally  recommended  that  wire  segment  lengths  be 
0.1X  and  the  ratio  of  segment  length  to  segment  radius  be  approximately 
eight  [7],  However,  it  also  has  been  suggested  in  the  literature  that 
the  O.lX  segment  length  can  be  relaxed  to  0*25X  when  modeling  areas  in 
wh  :h  the  currents  do  not  change  rapidly;  and  that  a  segment  length  to 
ra-  ius  ratio  of  five  gives  good  results  [B],[9]. 

For  this  study,  six  separate  mesh  models  were  created:  three  to 


205 


represent  the  top  plate  surface  of  the  large  box  scale  model  and  three 
to  represent  the  top  plate  surface  of  the  email  box  scale  model.  The 
segment  length  to  radius  r  tio  was  at  least  five  for  all  cases.  The 
maximum  length  of  the  wire  segments  used  was  varied  to  determine  if 
thie  parameter  had  any  effect  on  the  calculated  coupling.  It  can  be 
seen  from  Figure  7  that  the  top  plate  surface  is  slightly  longer  in  the 
y-dimension  than  in  the  x-dimansion.  The  segments  located  in  the 
square  portion  of  the  surface  (bordered  by  a  bold  solid  line  in  Figure 
X)  all  had  equal  lengths  which  wsra  the  maximum  segment  lengths  for  any 
given  case.  The  additional  column  of  segments  outside  the  square  had 
a  length  of  0.05X  for  the  large  box  and  0.02X  for  the  email  box.  It 
should  be  noted  that  when  segment  length  increases ,  the  number  of 
segments  needed  to  represent  the  surface  decreases.  Also,  the  total 
surface  area  of  the  wires  comprising  the  mesh  increases  as  the  segment 
lengths  increase  because  the  segment  radius  can  be  increased  and  still 
maintain  an  accmptable  langth-to-radiue  ratio  of  five.  Two  times  the 
actual  surface  area  for  these  models  is  0.78X  for  the  large  box  and 
0.O88X  for  the  email  box.  All  the  mash  models  have  total  wire  surface 
areas  that  are  at  learnt  88%  of  this  recommended  guideline.  The  run 
times  (in  minutes)  are  for  the  NEC-2  code  running  on  a  WIN  386SX  16  MKz 
computer.  Using  each  of  the  six  mesh  models,  coupling  values  for  the 
three  antenna-to-antenna  coupling  paths  (A-B,  A-C,  and  B-C)  shown  in 
Figure  6  ware  compiled.  A  summary  of  mash  parameters  and  calculated 
coupling  results  is  presented  below  ir.  Table  l. 

Table  1.  Summery  of  NEC  Coupling  Results  Using  Mesh  Models 


Box 

Modal 

No.  Of 

Mesh 

Segs . 

Mesh 

Area 

(V) 

Run 

Time 

(Min) 

NEC-2  Coupling  (dB)  | 

A-B 

■SI 

B-C  | 

Large 

31 

0.200 

0.856 

0.69 

-9.5 

-17.8 

mam 

barge 

97 

0.100 

0.729 

4.22 

mem 

-17.1 

-9.2  j 
. 

barge 

161 

0.075 

0.691 

12.57 

-9.2 

-16.5 

-9.0 

Small 

4 

0.220 

0.132 

0.23 

-10.1 

-10.1 

Small 

17 

0.100 

U.110 

0.44 

-8.1 

-5.4 

-8.7 

1  Small 

49 

0.089 

1.14 

-7.3 

-5.1 

mm 

Figure  8  presents  a  comparison  of  computed  and  measured  data  for 
the  s— 250  scale  model  analysis.  The  NEC  wire  mesh  modeling  results  are 
represented  as  diamond  symbols  connected  by  vertical  lines.  The 
vertical  lines  show  the  range  of  coupling  values  obtained  using  NEC 
wire  mesh  models  'or  the  six  (three  for  the  large  box  and  three  for  the 
small  box)  coupling  paths  investigated  in  the  scale  model  analysis. 

The  coupling  path  spacings  for  the  large  box  are  C.83X  (Path  A-c) , 
0.61X  (Path  A-B),  and  0.55X  (Poth  B-C).  The  computed  coupling  for 
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large  box  paths  A-B  and  B-C  varied  no  more  than  0.5  dB  for  the  three 
large  box  mesh  model*.  Coupling  values  obtained  for  path  A-C  varied 
1.3  dB.  The  best  case  computed  coupling  values  vere  within  l.o  dB,  3.0 
dB,  and  2.7  dB  for  coupling  paths  A-C,  A-B,  and  B-C  respectively. 

The  coupling  path  spacing*  far  the  snail  box  are  0.25X  (Path  A-C) , 
o . 18\  (path  A-B),  and  0.17X  (Path  B-C).  Tne  computed  coupling  for  path 
A-C  varied  only  0.4  JB.  The  coaputad  coupling  for  paths  A-B  and  B-C 
varied  2.8  dB  and  2.2  dB  respectively.  For  snail  box  coupling  paths 
A-B  and  B-C  the  computed  range  ancoepaseed  the  measured  values. 
However  the  best  case  computed  value  for  path  A-C  was  4.9  dB  higher 
than  the  measured  value.  It  also  should  be  noted  that  the  small  box 
four  segment  case  (maximum  aagment  length  0.22X)  constitutes  only  the 
rim  of  the  modeled  surface. 

Also,  in  Figure  8,  the  measured  coupling  values  from  the  scale 
modal  analysis  are  compared  to  computed  coupling  values  using  the 
infinite  ground  plane  model.  The  infinite  ground  plane  model  performs 
surprisingly  wall,  giving  computed  values  that  are  within  2.8  dB  of  the 
measured  data  for  all  six  cases. 


CONCLUSIONS 

The  capabilities  of  NEC  for  predicting  near-field  coupling  between 
monopoles  mounted  on  a  common  ground  plena  has  bean  examined.  The 
accuracy  of  the  NEC  code  has  bean  evaluated  by  comparing  computed 
coupling  data  to  measured  data  collected  in  two  separate 
investigations.  The  first  investigation  was  for  two  monopoles  mounted 
on  a  flat  ground  plena.  The  monopoles  were  never  closer  than  0.5X  to 
an  edge  of  the  ground  plane.  The  infinite  ground  plana  (IGF)  model 
predicted  the  measured  data  to  within  tenths  of  a  dB  for  antenna 
spacing^  between  1.2X  and  O.lX  and  was  within  1.4  dB  for  the  closest 
measured  spacing  of  0.05X.  For  spacings  of  1.2X  to  3. OX  the  predicted 
coupling  was  within  2.2  dB  of  the  measured  data.  For  EMC  analyses, 
predictions  tracking  measured  results  this  wall  is  generally  considered 
adequate . 

The  second  investigation  involved  the  modeling  of  an  c’l  equipment 
shelter.  Mesh  models  having  varying  parameters  were  created  to 
represent  the  top  (antenna  ground  plena)  surface  of  the  shelter.  Thu 
mesh  models  gave  computed  results  that  wars  within  3  dB  of  the  measured 
coupling  for  five  of.  the  six  coupling  paths  examined.  However,  for 
three  of  the  six  coupling  paths,  the  IGP  model  produced  values  that 
were  closer  to  the  measured  data  than  vere  the  msah  model  values. 
Also,  the  IGP  coupling  predictions  were  within  2.8  dB  of  the  measured 
data  for  all  six  coupling  paths.  This  was  surprising  since  the 
antennas  on  the  equipment  shelter  scale  models  vere  mounted  only  0.02X 
from  both  edges  of  the  corners.  This  remul;  would  suggest  that  for 
line  of  sight  coupling  (even  for  antennae  mounted  close  to  an  edge  of 
a  ground  plane)  the  IGF  model  will  produce  good  coupling  predictions. 
The  mesh  models  do  not  provide  an  overall  increase  in  coupling 
prediction  accuracy  for  these  line  of  eight  situations. 
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Figure  3  Ground  Plane  Test  Setup  (Top  View), 
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for  the  Scale  Model  Analysis. 


2 


'Development  of  a  High  Power  Microws,  /e  Susceptibility  Simulation 
Capability  at  Phillips  Laboratory's  Satellite  Assessment  Center" 


Captain  Michael  L.  Zywien,  PUWSH,  Kinland  APE,  NM 


ABSTRACT:  A  comprehensive  modeling  and  simulation  capability  currently  exists  with  Phillips 
Laboratory's  Satellite  Assessment  Cotter  to  assess  satellite  susceptibility  to  laser  and  nuclear  threats.  A 
corresponding  capability  to  urjersund  space  system  susoeptibility  to  radio  frequency  (EF) 
electromagnetic  effects  is  not  available  at  the  present  lime.  This  deficiency  in  numerical  simulation 
capability  mandates  almost  total  reliance  on  experimental  measurements,  which  can  be  extremely  costly. 
Though  experiments  will  always  be  necessary  ,  a  modeling  capability  can  help  with  the  identification  and 
design  of  efficient  experiments.  This  paper  presents  a  plan  to  provide  the  Satellite  Assessment  Center 
w.lh  a  methodology  applicable  to  a  wide  variety  of  space  system  electromagnetic  effect  problems  The 
long  term  goal  is  1o  simulate  an  entire  threat  engagement  scenario  in  an  integrated  computer  code  that 
will  run  on  a  SUN  workstation, 

BACKGROUND:  Technology  advances  in  the  materials  used  to  construct  aerospace  vehicles  are  of 
extreme  interest  to  the  defense  sector  in  that  we  now  build  stronger  yet  lighter  systems.  Coincidentally, 
we  are  advancing  electronics  at  a  tremendous  rate.  Electronic  components  are  now  smaller,  faster,  more 
complex,  more  efficient,  and  more  capable.  More  processing  of  signals  is  done  at  the  satellite  to  enhance 
communications,  command  and  data  transfer  link  performance.  Unfortunately,  these  advances  sometimes 
increase  the  electromagnetic  susoeptibility  of  the  electronics  packages,  and  understanding  this 
susoeptibility  is  critical  to  hardening  components  and  subsystems 

Determining  the  susoeptibility  of  a  satellite  to  electromagnetic  energy  involves  a  quantitative 
understanding  of  three  processes:  the  environment  in  the  immediate  vicinity  of  the  satellite,  coupling  of 
energy  to  the  internal  circuitry,  and  the  functional  response  of  the  system  to  the  incident  radiation 
Military  space  systems  must  function  in  high-intensity  ambient  electromagnetic  environments  and  in  any 
potential  foreign  EM  threat  environment.  Taking  advantage  of  Phillips  Laboratory's  work  in  the  areas  of 
high  power  microwave  (HPM)  source,  antenna  and  component  technology,  we  can  estimate  an  upper 
bound  on  EM  space  environments  that  satellites  may  lace  (from  a  ground  threat)  over  the  next  two 
decades.  Coupling,  which  determines  how  much  energy  gets  to  interior  electronic  circuit  nodes,  depends 
strongly  on  system  geometry  If  sufficient  energy  Is  prevent,  local  beating  can  damage  electronic 
components.  The  component  functional  responses  determine  bow  the  system  responds  to  the  radiation  and 
if  the  system  can  continue  to  perform  its  mission  >  'll  damaged  components. 

Candidate  program  objectives  are  as  follows:  to  quantitatively  predict  the  RE  environment  on 
space  systems  for  given  sources,  to  support  test  programs  by  quantifying  stresses  on  subsystems,  to 
estimate  requirements  needed  to  make  a  system  survrvable.  nd  to  quantify  responses  arid  effects  for  space 
subsystems  and  systems  exposed  to  specified  RE  environm  ats.  The  environment  prediction  models  will 
need  to  treat  the  source,  including  antenna  radiation  patte  -i,  and  the  propagation,  including  attenuation, 
nonlinear,  and  dispersive  effects  For  most  test  support,  upper  limit  bounds  are  adequate  for  purposes  of 
determining  simulator  requirements,  designing  or  selecting  instrumentation,  and  for  initial  scope  settings, 
etc  To  evaluate  the  risk  of  unacceptable  damage  by  test  drives,  however,  component  test  data  is  needed  to 
support  high  confidence  analysis.  For  hardening  support,  bounds  on  the  stresses  at  given  points  and  on 
tiie  susceptibility  of  components  and  subsystems  aie  usually  acceptable.  Survivability  analysis  will  present 
the  greatest  challenge  to  the  models.  To  show  that  a  system  will  survive,  bounding  analyses  can  be  used. 
For  cases  when  it  appears  that  the  system  will  not  survive  in  the  bounding  sense,  the  largest  uncertainties 
need  to  be  identified  to  determine  if  wtHjii/Mivi  wu  «  analysis  will  provide  resulls  which  are  meaningful. 
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APPROACH:  To  provide  sin  'dons  of  EM  effects,  several  important  issues  are  considered: 
tradeoffs  between  calculations  and  testing  stochastic  variations  among  engagement  scenarios,  incomplete 
system  specification,  physically  realistic  statistical  models,  and  tradeoffs  between  effort  expended  and 
accuracy  obtained. 

In  the  tradeoff  between  calculation  and  test,  one  would  always  prefer  a  full-up  system  test 
Unfortunately,  cod  and  sensitivity  of  satellite  systems  limit  the  amount  of  full  system  testing  that  is 
normally  done.  Therefore,  system  response  most  be  evaluated  using  calculations  and  limited  component 
and  subsystem  Bating.  Confidence  levels  increase  as  the  amount  and  fidelity  ot  ted  data  increases. 

All  engagement  scenarios  involve  uncertainties.  Some  factors  are  uncertain  because  of  lack  of 
knowledge  of  system  design  or  design  implementation.  We  may  be  uncertain  of  our  ability  to  model 
certain  besots  with  high  confidence  There  are  also  factors  which  can  vary  for  a  given  engagement  (c.g. 
orbit  location,  angle  of  incidence,  threat  source  pointing  and  tracking,  polarizations,  etc.).  Each  factor 
must  be  treated,  sometimes  in  different  ways. 

The  level  of  effort  required  to  rntimietr  a  system  response  should  be  oousisteni  with  the  expected 
accuracy  of  the  answer.  For  example,  became  finite  difference  codes  produce  specific  solutions, 
proponemi  believe  they  can  improve  accuracy  by  using  extensive  computer  calculations  for  specific 
subsystems.  However,  repositioning  a  single  component  or  oommon  manufacturing  variations  can  change 
susceptibility  predictions  by  several  orders  of  magnitude  The  uncertainty  in  these  detailed  models  tends 
to  increaae  as  one  goes  briber  into  the  system  to  the  component  level.  This  is  partially  due  to  the 
difficulty  of  knowing  all  of  the  relevant  details  that  should  be  modeled,  and  partially  due  to  the  accuracy 
of  the  models  we  ose  to  solve  the  identified  problem. 

Assessment  of  RF  effects  on  electronic  systems,  then,  is  inherently  a  statistical  process.  Given 
that  adequate  data  is  obtained,  device  upaet  can  be  characterized  with  a  family  of  stress  distributions 
(using  goodness  of  fit  testing)  and  statistically  quantified  parameter  estimates  can  be  made  RF  damage 
characterization  baaed  on  device  fragility  distributions  might  be  impractical  given  most  practical  testing 
limitations  (distributiou  fitting  requires  extensive  data  to  yield  adequate  results).  Thus,  it  should  be 
ccccpccd  that  only  statements  about  probability  of  upset  or  damage  for  tested  parameters  (power  levels, 
frequencies,  pulse  widths,  etc.)  can  be  given.  Any  other  statements,  postulation  or  interpolation  would 
have  basis  only  in  the  judgment  of  the  modeler. 

In  selecting  our  approach  to  RF  modeling,  the  needs,  projected  threats,  goals  and  objectives  are 
all  carefully  considered  such  that  the  resulting  methodology  is  flexible  enough  to  handle  a  wide  range  of 
simulation  scenarios  Threat  source,  propagation,  coupling  and  effects  calculation  are  all  required  aspects 
of  the  overall  simulation  problem.  The  final  tool  must  handle  any  potential  RF  threat  waveform, 
propagate  thia  waveform  to  Uk  target,  define  the  target  geometry  tithe  level  of  detail  required,  couple  the 
energy  to  the  target  vehicle,  and  determine  the  probability  of  effect  on  components,  subsystems  and  the 
mission  functions  of  the  system  Statistical  variation  of  each  aspect  of  the  engagement  must  be  addressed. 

The  basic  methodology  chosen  for  this  effort  is  called  the  Predictive  Radio  Frequency  Effects  and 
Coupling  Tool  (PRFfcCl  >.  The  capabilities  of  FRF bt;  1  are  addressed  later  in  this  paper,  and  'In¬ 
dependence  of  PKFECT  on  a  comprehensive  effects  data  base  is  highlighted  FRFECT  uses  mission, 
threat  and  system  design  inputs  with  effects  dab  to  help  predict  susceptibilities  and  bound  uncertainties. 

For  a  wide  range  of  cases.  FRFECT  handles  the  entire  RF  assessment  problem.  Source 
characteristics  are  defined  as  inputs,  and  energy  is  propagated  using  atmospheric  models  and  target  orbital 
mechanics  modules.  Coupling  to  front  door  paths  (antennas)  is  bandied  by  defining  the  ooupling 
characteristics  of  the  antenna  or  sensor,  and  then  the  RF  energy  is  propagated  to  internal  components  in 
the  RF  path.  Fault  or  event  tree  logic  is  included  to  the  subsystem  level  only. 

For  other  problems  of  interest,  additional  simulation  elements  are  required.  For  these  problems, 
other  codes  are  used  and  a  satellite  modeling  tool  must  be  integrated  w  tl  the  codes.  For  fill!  system 
impact  analysis,  additional  bull  tree  logic  must  be  added  to  supplement  what  is  eunently  available  in 
FRFECT  The  sptcific  codes  and  models  chosen  to  supplement  PKFECT  are  described  in  the  next 
section.  Each  of  these  codes  has  been  validated  for  use  in  staid-alone  applications.  However,  when  these 
codes  are  integrated,  there  will  be  a  need  to  validate  the  singular  inicgrity  and  the  integrated  methodology. 
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MODELING  TOOLS 


PREDICTIVE  RF  EFFECTS  COUPLING  TOOL  (PRFECT):  The  Satellite  Assessment  Center  will 
use  PRFECT  to  support  RF  component  and  subsystem  analysis.  Version  1.0  of  this  code  was  delivered  to 
the  Phillips  Lab  in  February  of  this  year.  The  basis  for  PRFECT  is  that  assessment  of  RF  effects  on 
electronic  systems  is  inherently  a  statistical  process.  A  statistical  analysis  of  a  particular  system -threat 
interaction  seeks  to  characterize  the  response  by  a  probability  of  effect  (PE)  and  associated  confidence 
intervals.  Given  that  the  user  may  or  may  not  be  aware  of  statistical  assumptions  underlying  the  software, 
the  statistical  predictions  should  possess  a  rigorous  foundation  even  ir  that  requires  limiting  the  scope  of 
the  prediction 

Rigorous,  physics-based  algorithms  are  used  in  each  step  of  a  PRFECT  assessment.  For  example, 
the  well-known  far  field  diffraction  pattern  for  RF  antennas  is  used  for  the  RF  intensity  profile.  However, 
the  pointing  accuracy  determines  the  actual  intensity  relative  to  the  maximum  on-axis  intensity  that  the 
satellite  receives.  This  pointing  angle  will  vary  due  to  tracking  errors  and  servo  control  uncertainties 
Thus,  the  pointing  angle  error,  and  hence  the  reduction  in  intensity,  is  best  accounted  for  by  using  a 
random  variable  for  the  error.  Other  parameters  that  may  vary  statistically  during  an  engagement  are  also 
modeled  using  random  variables.  If  all  variables  are  fixed  for  the  particular  engagement,  the  user  may  lix 
these  parameters  and  the  model  will  provide  a  deterministic  solution. 

A  detailed  discussion  of  the  degree  of  rigor  of  some  statistical  methods  commonly  applied  to  RF 
effects  and  the  methods  believed  appropriate  is  presented  in  Reference  2.  Tills  discussion  defines  the 
concept  of  probability  of  effect,  reviews  the  features  of  basic  statistical  modeling  of  physical  phenomena, 
provides  example  results  which  indicate  the  number  of  test  data  points  required  to  support  various  types  of 
conclusions,  discusses  data  samples  and  distributions,  and  reviews  binomial  testing  and  possible 
conclusions  which  may  be  drawn.  A  brief  summary  of  these  discussions  is  presented  here. 

Electronic  devices  will  sustain  upset  or  damage  when  exposed  to  an  RF  signal  of  some 
power  level.  The  variation  of  the  device  fragility  between  different  samples  of  the  device  type  defines  a 
fragility  (strength)  random  variable.  The  many  scenarios  under  which  the  device  may  experience  RF 
inadiatioa  also  define  a  stressing  power  random  variable.  Symbolically, 

PE  ■  P(  Strength  <  Stress), 

and  the  density  of  the  effect  random  variable  is  found  as  a  convolution  of  the  stress  and  strength,  which 
may  be  interpreted  statistically  as  the  expectation  of  the  cumulative  fragility  against  the  stress,  instead  of 
fixing  specific  distributions  for  strength  and  stress,  one  could  assume  that  the  distributions  arc  drawn  from 
specified  families  of  distributions  (Bayesian  approach)  with  the  defining  parameters  themselves  being 
random  variables  distributed  in  some  manner.  However,  this  expanded  interpretation  requites 
increasingly  complex  statistical  models,  and  without  substantial  justification  for  the  Bayesian  priors,  the 
analysis  reduces  to  "expert  opinion**  and  is  no  longer  a  rigorous  statistical  inference  drawn  from  measured 
data. 

A  statistical  methodology  aimed  at  characterizing  a  data  set  begins  with  the  selection  of  a 
distribution  function  on  the  grounds  that  it  satisfactorily  summarizes  the  data  in  question.  Goodness-of-fit 
tests  provide  probabilistic  grounds  to  justify  a  particular  selection.  Became  of  the  uncertainty  of  available 
data,  a  number  of  distributions  may  adequately  represent  the  data  Of  course,  general  physical  principles 
can  also  guide  the  distribution  selection  process.  Density  functions  chosen  to  represent  failure  processes 
must  be  uni  modal,  and  roust  be  defined  for  power  levels  between  zero  and  infinity. 

As  an  example,  assume  that  the  tailurc  processes  are  lognormally  distributed,  and  that  (given  a 
random  sample  of  data)  specific  values  for  p  and  a  must  be  determined.  If  values  are  hypothesized,  we 
now  must  determine  the  number  of  tests  that  must  be  performed  to  reach  a  desired  level  of  confidence. 
This  process  exhibits  increasing  accuracy  as  the  number  of  tests  is  increased,  and  also  indicates  that 
statistical  statements  based  on  data  samples  of  less  than  a  few  tens  of  points  cannot  have  high  confidence. 

The  PRFECT  algorithm,  much  like  the  ARES  algorithm  developed  by  Kaman  Sciences,  allows 
the  PE  as  a  random  variable  to  be  determined  in  essentially  closed  form.  To  calculate  FE.  the  algorithm 
convolves  the  stressing  power  random  variable  distribution  with  the  mean  cumulative  distribution 
fin-  lion  (CDF)  chosen  to  fit  experimental  effects  data,  Non-linear  least  squares  fitting  routines  can 
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provide  fitting  parameters  for  the  CDF  and  also  provide  uncertainties  on  the  fitting  parameters.  PRFECT 
is  general  in  nature  and  can  combine  numerous  arbitrary  distributions  to  generate  the  power  distribution. 
In  many  cases,  the  power  distribution  can  be  represented  as  a  beta  distribution. 

In  PRFECT,  there  are  two  options  to  evaluate  the  convolution  of  the  power  density  and  the 
failure  effects  CDF.  In  the  Monte  Carlo  method,  the  stressing  power  density  is  sampled  repeatedly,  and 
the  mean  CDF  is  evaluated  at  each  corresponding  point,  summed,  and  then  divided  by  the  number  of 
sample  points,  yielding  a  PE  with  respect  to  the  mean.  In  the  second  method,  analytic  expressions  or 
numerical  representations  for  the  power  density  and  mean  CDF  are  numerically  integrated  to  yield  PE.  In 
both  cases,  the  power  density  is  also  convolved  with  the  95%  confidence  CDFs  to  yield  error  bounds  on 
PE. 

This  approach  is  sensitive  to  the  form  of  the  distribution  selected  to  describe  the  device  failure 
characteristics.  Without  known,  quantifiable  confidence  statements  concerning  these  distributions  and 
without  a  rigorous  means  of  evaluating  sample-based  estimates  of  required  parameters,  the  attendant 
uncertainties  introduce  unstated  confidence  levels  which  may  limit  the  conclusions  drawn  from  the 
analysis.  These  notions  explain  why  many  tests  are  required  to  select  a  distribution  with  high  confidence. 

The  PRFECT  code  is  being  developed  with  integral  ties  to  an  extensive  susceptibility  testing 
program  and  a  susceptibility  data  base  effort.  The  major  goal  in  tying  these  efforts  together  is  to  minimize 
reliance  on  fust  principles  models.  This  development  approach  makes  it  important  that  supporting  data 
provide  the  right  information,  at  the  right  level  of  detail,  in  an  efficient  manner  The  level  of  detail 
needed  depends  on  the  solutions  needed  and  (he  quality  and  level  of  verification  of  the  analysis  codes.  For 
example,  suppose  a  PRFECT  model  for  the  coupling  to  an  antenna  or  for  the  response  of  a  certain 
semiconductor  component  exists.  Suppose,  further,  that  this  model  has  been  verified  by  test  data  for 
frequency  and  amplitude  ranges  of  interest  This  submodel  can  probably,  then,  be  used  for  select  cases  to 
determine  values  for  intermediate  parameters  (or  for  limited  extrapolation)  where  data  is  not  available, 
without  seriously  impacting  confidence  in  predicted  results  In  other  cases,  more  direct  use  of  test  (lata 
may  be  required. 

Three  basic  types  of  data  are  required  for  the  data  base:  coupling  data,  transfer  function  data, 
and  "effocts"  data,  including  upset,  degradation  and  damage  characteristics.  Coupling  data  includes  all 
required  descriptions  of  the  interaction  of  the  incident  RF  signal,  propagating  in  space,  with  the  spacecraft 
to  produce  surface  currents  and  charge  densities  on  all  parts  of  the  vehicle  exterior,  on  antennas,  and 
inside  of  deliberate  apertures  such  as  receiver  elements  and  tensor  optical  trains.  Transfer  function  data 
includes  everything  needed  to  describe  the  transfer  of  RF  signal  energy  from  the  external  coupled 
responses  to  the  component  level  where  the  effects  on  the  system  are  usually  produced.  This  could  include 
propagation  inside  a  signal  cable,  through  an  aperture,  or  through  a  diode  or  integrated  circuit.  Effects 
data  should  include  information  which  describes  the  upset  (temporary  decrease  in  electronic  performance 
to  include  transient  effects),  degradation  (permanent  decrease  in  performance)  or  damage  (permanent 
cessation  of  electronic  function)  induced  in  components  or  subsystems  as  functions  of  the  incident  stress 
parameters 

Test  data  will  usually  be  available  for  only  a  finite  number  of  oases.  PRFECT  or  another  analysis 
module  will  often  be  required  to  take  whatever  data  is  available  from  the  data  base  and  perform 
appropriate  interpolations  or  extrapolations  to  cases  of  interest.  Results  in  such  analyses  must  be  used 
carefully,  with  proper  ci vests,  and  the  uncertainty  estimate  associated  with  these  resulls  would  be 
exported  to  increase. 

In  addition  to  degradation  or  damage  effect  calculations,  PRFECT  allows  the  user  to  investigate 
the  probability  of  upset.  An  approach  similar  to  the  one  described  above  is  used  to  calculate  the 
probability  density  function  for  carrier  power  and  thus  energy  per  bit  (E^.  By  determining  a  probability 
density  function  tor  the  noise  density  (N0),  the  ratio  of  both  these  random  variables  provides  an  estimate  of 
the  bit  error  rate  (BER)  for  a  particular  modulation  scheme.  The  capability  to  calculate  a  probability  of 
effect  for  both  degradation  and  upset  provides  a  unique  capability  for  assessing  space  system 
susceptibility. 
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CODE  FOR  ANALYSIS  OF  RADIATORS  ON  LOSSY  SURFACES  (CARLOS):  A  more  rigorous 
EM  code  it  seeded  to  seppiemer.  the  PRFECT  code  in  some  threat-target  scenarios  where  the  incident 
fields  at  the  satellite  cannot  be  calculated  using  the  modules  included  in  PRFECT.  In  these  cases,  surface 
cra.au  and  charge  densities  an  the  vehicle  exterior  are  calculated  using  CARLOS,  converted  to  incident 
power  densities,  and  passed  as  inputs  to  PRFECT. 

CARLOS  is  a  code  developed  by  McDonnell-Douglas  (partially  fended  by  the  Electromagnetic 
Code  Cocsorturm  -  EMCC).  The  code  implement;  the  method  of  moments  solution  for  felly  arbitrary 
three  dtramcocal  Batterers.  These  solutions  are  obtained  for  perfectly  conducting  bodies  as  well  as  fully 
or  partially  penetrable  ones  The  electromagnetic  scattering  formulation  is  baaed  on  surface  integral 
equations  uniting  the  entire  external  surface  of  the  body  and  the  internal  boundaries  between  penetrable 
and  perfectly  conducting  regions.  The  analysis  capability  is  extended  to  boundaries  (or  surfaces)  which 
nay  be  charnctrrirrd  by  resistive  or  magnetic  sheets  as  well  as  impedance  boundary  conditions.  This 
results  in  a  rigorous  theoretical  formulation  far  all  of  the  foregoing  classes  of  problems,  with  the 
computational  domain  terminated  at  the  outer  surface  of  the  Batterer.  The  development  of  the  CARLOS 
software  for  the  various  boundary  and  int—ftrw  conditions  is  carried  out  in  terms  of  an  operator-based 
unegro-difierestkl  calculus,  independent  cf  geometry  and  expansion  functions  Hence,  the  structure  of 
the  analysis  and  the  architecture  of  the  implementing  software  are  general.  In  the  present 
implementation,  planar  triangular  patch  antVot  wire  representations  are  required  for  all  surfaces  and 
boundaries  of  the  system  of  interest  Implications  cf  this  requirement  for  the  overall  code  integration  task 
are  discumed  in  the  next  section. 

One  use  of  CARLOS  will  be  to  find  the  threat  power  at  the  terminals  of  an  ant  ana  when  the 
rule-of-thumb  models  built  into  PRFECT  are  inadequate  to  model  the  coupling  of  the  threat  to  the  antenna 
and  suellile.  '-other  use  will  be  to  find  the  threat  power  coupled  into  various  systems  through 
mrintradrrt  ('  *")  paths.  CARLOS  will  also  be  used  to  estimate  the  cross-coupling  between  cables 

and  RF  path  another  use  will  br  to  find  responses  for  antennas  or  other  tensors  which  are  outside 
(be  normal  ope.  .rang  frequency  bend,  and  thus  not  likely  to  be  specified.  A  final  use  will  be  to  find  the 
coupling  of  threats  to  system  dementi  not  normally  part  of  an  RF  system  (for  example  solar  arrays  and 
power  cables). 

Because  of  the  complexity  of  the  algorithms  which  CARLOS  uses  to  do  its  analyses,  running  it  as 
part  or  an  interactive  PRFECT  session  is  probably  not  feasible.  It  will  more  likely  be  ran  in  a  batch  mode 
to  supply  the  analyst  with  the  desired  input  information  for  a  PRFECT  session  Because  of  the 
computational  power  limitations  cf  the  SUN  workstations,  there  will  be  some  upper  limit  to  either  the 
analysis  frequency  or  the  modd  complexity,  and  tradeoffs  will  be  required.  To  extend  the  frequency  range 
over  which  analyses  cast  be  performed,  the  satellite  model  complexity  must  be  reduced  or  the  analysis 
most  be  focused  on  some  subset  of  the  entire  system.  In  some  instances,  only  the  antenna  of  interest 
needs  to  be  modeled,  and  it  is  expected  that  the  usable  CARLOS  frequency  rang:  would  then  include 
typical  operating  frequencies  of  the  antenna 

SATELLITE  ASSESSMENT  CENTER  MODELING  TOOL  (SMT):  SMT.  developed  at  Phillips 
Laboratory's  Satellite  Assessment  Center,  provides  the  capability  for  analysts  to  quickly  develop  a  solid 
geometry  mod d  of  a  system  The  graphics  editing  capabilities  of  SMT  allow  analysis  ro  create  and 
modify  solid  model  representations  of  complex  objects  using  Combinatorial  Solid  Geometry.  Eleven  solid 
shapes  or  ■primitives-  form  the  basts  for  building  subsystem  or  system  models,  which  can  he  used  by 
ina*yvis  tods  sudt  is  Cr Ltd'  .OS.  Hcncc,  the  SMT  models  facilitate  an  approach  to  modeling  the 
susceptibility  of  a  consist,  -ri, .  .  . -feted  system  to  a  range  of  threats. 

The  solid  geometric  elements  from  which  a  model  of  a  satellite  is  built  in  SMT  are  not 
compatible  with  the  riput  formats  for  electromagnetic  codes  such  as  C  \RLOS.  Therefore,  part  of  the 
integration  effort  is  U)  write  a  "translator"  which  puts  SMT  models  inlo  a  format  compatible  with  RF 

Additional  modification,  and  enhancements  lo  SMT  are  also  being  planned  as  part  of  the  overall 
RF  tool  integration  effort  For  example,  links  to  the  RF  data  base  are  necessary  in  order  to  associate  the 
transfer  fur  -tion  and  coupling  data  stored  there  with  a  particular  component  in  the  SMT  functional 
model.  Ir  addition,  now  capabilities  will  i:e  needed  in  the  di'play  of  the  existing  solid  modeling 
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info.matioc  It  will  be  necessary  to  edit  the  entire  geom  in  -  model  to  eliminate  some  components  which 
are  not  needed  or  to  extract  dements  to  form  new  model,  with  decreased  complexity.  It  would  greatly 
amplify  the  generation  of  an  RF  model  if  the  display  could  be  constrained  by  certain  physical  parameters 
of  each  dement  An  important  con.  aint  for  RF  analyses  is  dcctrical  conductivity.  All  elements  of  a 
certain  material  or  with  conductivity  greater  than  a  certain  value  oould  be  displayed,  and  all  other 
elements  could  be  ignored,  for  example.  An  important  issue  for  the  use  of  SMT  for  RF  problems  is  the 
need  for  additions!  information  which  hat  jet  been  needed  for  laser  and  nuclear  studies.  This  would 
include  cable  types  and  locations,  descriptions  of  connector  types,  etc  In  tenoral,  just  more  (or  perhaps 
different)  details.  These  will  often  be  more  important  than  the  conductivity  factors  disenssed. 

SYSTEM  FAULT  TREE  /  EVENT  TREE  CODES:  PRFECT  outputs  the  probability  of  effect  from  a 
given  RF  threat  on  a  critical  component  in  a  particular  subsystem  configuration.  To  understand  how 
individual  failures  combine  in  terms  of  system  level  measures  of  degradation,  a  fault  tree  methodology  is 
employed. 

A  fault  tree  is  a  graphical  model  which  logically  relates  s  failure  top  event  (e.g.  a  satellite's 
inability  to  conduct  its  drsignattd  mission)  to  subordinate  failure  events  (e.g.  lots  of  attitude  control, 
electrical  power  or  communications).  The  subordinate  events  are  further  broken  down  into  successive 
failure  events  until  a  set  of  basic  events  are  obtained.  Basic  events  are  failure  events  that  are  subjectively 
deemed  by  the  analyst  as  not  requiring  fiuther  breakdown.  This  usually  occurs  when  the  basic  events 
match  the  level  of  measured  or  predicted  failure  information  available  to  the  analyst. 

The  procedure  currently  in  place  within  the  Satellite  Assessment  Center  begins  with  the  SMT 
system  model.  A  utility  urogram  is  used  to  process  the  geometric  description  and  generate  a  "straw  man’ 
fault  tree  that  parallels  the  geometric  hietarefay.  From  this  first  cut.  the  analyst  uses  a  text  file  editor  to 
alter  the  logic  sequence  to  reflect  functional  relationships  with  respect  to  the  top  event  of  imereti  Once 
the  logic  is  correctly  assembled,  it  is  input  into  a  post-processor  along  with  individual  element  failure 
information  generated  by  an  analysis  code  (such  as  PRFECT)  to  compute  intermediate  and  top  event 
failure  levels. 

The  Integrated  Reliability  and  Risk  Analysis  System  (IRKAS)  code  grew  out  of  the  US 
Nuclear  Regulatory  Commission's  need  to  analyze  and  quantity  the  safety  of  nuclear  power  plants. 
1RRAS  ;s  an  interactive  program  designed  to  build,  maintain,  and  analyze  fault  and  event  trees  The  code 
is  generic  enough  to  handle  a  variety  of  problems  associated  with  aggregating  probabilities  of  failure  in 
complex  systems.  Among  the  benefits  of  IRKAS  are  a  good  graphical  interface  for  interactive 
manipulation  of  both  fault  and  event  trees,  multiple  techniques  for  analytical  quantification,  handling  of 
uncertainties  associated  with  basic  failure  events,  detailed  user  manuals,  and  low  cost  to  obtain  updates 
from  *he  ne[i.i  on  uJ  -if  Energy's  reposim:  •  at  Oak  Ridge. 

Vie  ippticauoc  cf  IRKAS  to  situations  involving  exposure  to  RF  tadiation  is  a  natural  extension 
of  its  original  use.  First,  a  criteria  (e.g  some  level  or  device  upset)  must  be  established  to  determine 
whether  or  not  an  event  occurred.  The  analyst  must  then  generate  a  fault  tree  that  considers  all  the  basic 
events  that  could  lend  to  the  top  level  event.  In  the  RF  case,  tins  would  include  all  electrical  components 
of  interest  in  the  system,  including  all  redundancy  and  any  safety  features  built  into  the  system.  PRFECT 
produces  an  output  that  is  ■  probability  function  (PE)  for  each  critical  component  To  analyze  the  system 
at  higher  levels.  PE  functions  for  each  component  are  input  as  basic  events  to  the  IKRAS-generaicd  fault 
tree  via  keyboard  and  the  IRKAS  data  base  menus 

DATABASE  DEVELOPMENT:  As  discussed  previously,  directly  relevant  test  data  are  required  to 
support  any  high -confidence  model  predictions,  particularly  for  cases  where  "predictive"  results  are 
required  instead  of  "bounding"  results  The  objectives  for  the  database  development  effort  are: 

-  to  store  and  organize  both  existing  data  and  new  data  from  experiments 

-  to  allow  users  to  easily  query  the  database 

•  to  permit  manipulation  of  (he  selected  data 

-  to  display  the  selected  data 

-  to  output  selected  data  that  is  in  a  format  compatible  with  modeling  programs  such  as  PRFECT. 
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The  system  is  being  developed  lor  SUN  workstations  and  for  a  PC  environment.  PC  versions  of 

the  dalahase  are  needed  to  provide  an  efficient  means  of  transferring  data  to  uaers  outside  the  Satellite 
Assessment  Center.  In  addition,  security  considerations  dictate  that  the  database  handler  must  run  on  a 
stand-alone  system  (i.e.  it  cannot  operate  in  a  dienl-server  mode  on  two  systems).  These  requirements 
impact  the  overall  dcsign/development  effort 

The  tyslran  is  based  upon  three  software  components  that  work  together:  a  database 

manager,  a  graphics  system,  and  a  special  function  environment.  The  basis  for  the  system  is  a 
commercial  environment  Ingres,  that  provides  necessary  data  structures  as  well  as  a  set  of  development 
loots  such  as  form  generators  and  report  writers  that  ire  critical  in  reducing  development  time  and 
enhancing  the  quality  of  the  database.  The  database  will  store  text,  numeric  data,  isnagea  and  arrays,  and 
includes  an  extensive  security  facility  that  is  important  in  view  of  the  many  types  of  data  and  the  wide 
variety  of  users  expected  to  esnploy  the  system.  A  commercial  graphics  package,  GnuPlot,  is  used  for  the 
graphics  component  Special  functions  (written  in  C++)  are  required  to  provide  capabilities  appropriate  to 
the  susceptibility  database  that  cannot  be  implemented  within  the  database  or  graphics  components 
These  special  functions  permit  capabilities  such  as  calculation  of  statistics,  Fourier  transforms,  and  digital 
filters,  interactive  definition  of  carve  fits  to  data,  or  selection  of  some  portion  of  a  displayed  data  set 

The  database  is  being  developed  in  phases.  The  first  phase  will  ad-  css  design  and 
implementation  of  the  basic  code  structure  and  functional  capabilities.  To  parai-d  the  PRFECT 
development  initial  emphasis  is  given  to  in-band  communications  system  data.  The  second  phase  of 
development  will  involve  augmenting  the  software  capabilities  with  additional  graphics  flexibility,  and 
additional  fractions  to  represent  data  sets.  During  each  phase,  features  will  be  checked  out  using  database 
user  interfaces  aa  well  as  the  analysis  module  interfaces  This  helps  assure  that  the  database  and  the 
analysis  module  are  properly  compatible 

MODEL  OPTIMIZATION  CONSIDERATIONS:  The  form  and  detail  of  the  required  system  model 
will  be  highly  dependent  an  the  particular  application  of  the  integrated  KF  analysis  tool  For  example,  if  a 
ground-bused  microwave  source  "front-door",  in-band  engagement  with  a  satellite's  command  link  is  to  be 
modeled,  a  functional  model  of  the  command  link  in  PRFECT  is  all  that  is  required.  However,  for  a 
"back-door"  analysis,  necessary  for  survivability  problems,  a  model  that  captures  all  the  "significant" 
aspects  of  the  system  must  be  used  The  "right*  RF  model  then,  is  highly  dependent  on  the  particular 
application  for  which  the  model  is  intended  and  on  the  computer  resources  available  to  run  the  model.  In 
using  the  CARLOS  code,  for  example,  the  fineness  of  the  model  grid  has  a  direct  impact  on  the 
simulation  run  time  and  memory  requirements. 

There  are  several  rulcs-of-thumb  for  RF  modeling  which  will  need  to  be  observed  as  geometries 
are  created  for  CARLOS.  First,  as  a  lower  bound,  there  should  be  approximately  10  segments  of  the 
model  per  wavelength  for  wires,  and  100  segments  per  square  wavelength  for  surfaces.  For  a  given 
faceted  model  this  will  limit  the  highest  frequency  at  which  analyses  can  be  performed  Second,  there 
should  be  enough  segments  to  "dequately  represent  the  normal  spatial  variations  of  current.  Third, 
segmentation  th'-dd  be  finer  on  the  parts  of  the  model  where  the  analysis  is  -  ocused  (though  it  is  not 
always  safe  u  grid  finely  only  near  the  point  of  interest)  Finally,  while  it  is  tempting  to  use  increasingly 
finer  aegmeatation  to  produce  better  results,  this  can  impact  the  accuracy  of  the  solution  by,  for  example, 
violating  some  basic  assumption  of  the  analysis  code  (e  g.  modeling  a  "thin"  wire  as  a  stack  of  pokei 
chips).  Therefore,  the  judgement  of  the  modeler  will  be  a  critical  factor  in  the  setup  of  each  problem. 

One  of  the  goals  of  this  program  is  to  use  SUN  workstations  as  the  computational  platform  for  all 
RF  analyses.  This  may  prohibit  certain  types  of  analyses  (e.g.  large  satellite  models  at  high  frequencies) 
It  may  be  necessary  to  gain  access  to  mainframe  or  supercompuUng  platforms  from  time  to  time  to 
perform  all  desired  analyses.  It  is  hoped  that  the  general  growth  in  capabilities  of  woricstaiions  will  make 
the  use  of  mainframes  the  exception  rather  than  the  rule  However,  it  is  expected  that  access  to  a  more 
capable  computational  platform  will  be  needed  in  order  to  handle  all  kinds  of  problems  likely  lo  be 
encountered. 
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VALIDATION:  Each  of  the  codes  presented  in  previous  sections  (with  the  notable  exception  of  the 
developing  PRFECT  cade)  has  been  validated  to  some  degree  for  use  in  stand-alone  applications. 
CARLOS  has  been  tested  against  benchmarks  defined  by  the  EMCC.  SMI  is  being  used  now  for  various 
User  and  nuclear  susceptibility  studies.  KRAS  has  been  tested  by  the  NRC.  However,  when  these  codes 
are  combined  into  an  integrated  RF  effects  assessment  capability,  there  will  be  a  need  to  validate  that  each 
piece  of  code  maintains  its  integrity  singly  and  as  pan  of  the  integrated  package. 

Analytic  verification  of  the  correct  operation  of  PRFECT  can  be  done  on  three  levels.  First,  for 
chains  of  elements  with  s  limited  combination  of  probability  density  fun. boot,  a  closed  form  solution  can 
he  obtained.  Second,  for  a  much  more  general  combination  of  density  functions,  a  numerical  result  can  be 
obtained  using  another  code  such  as  Mathematics  Third,  for  very  oomplex  chains,  a  Monte-Carlo 
simulation  can  be  run.  The  results  from  PRFECT  can  be  compared  with  the  results  from  any  of  these 
three  methods  to  verily  the  correct  operation  of  the  planned  mathematics.  To  verify  the  accuracy  of 
PRFECT  results  for  a  given  problem  of  interest,  there  is  no  substitute  for  test  data.  If  proper  ten  scenarios 
can  be  defined  inch  that  data  is  directly  applicable  to  the  level  of  detail  appropriate  to  the  model,  a 
comparison  of  PRFECT  output  with  relevirt  test  results  should  be  made.  For  example,  a  tea  with  a  plane 
wave  source  incident  on  an  antenna  connected  to  a  receiver  sdbuysfcm  could  be  performed.  Measured 
results  could  then  be  compared  to  PRFECT  calculations.  Such  leas  are  planned  for  the  validation  effort 
specific  tests  are  alio  planned  to  upport  validation  of  the  CARLOS  software  to  the  coupling 
application  The  DMSP  command  antenna  is  currently  being  modeled,  and  computed  patterns  and 
coupling  character  reties  will  be  compared  to  measured  near  and  for  field  pattern  data. 

Piupoaed  changes  to  SMT  are  principally  in  the  development  and  display  of  models  Verifying 
the  correct  operation  of  the  code  will  consul  of  creating,  displaying,  storing,  retrieving  and  editing  several 
satellite  models.  Verifying  the  correct  operation  of  the  code  used  to  translate  SMT  geometry  into 
CARLOS  input  format  can  be  accomplished  by  creating  some  simple  geometric  models  in  SMT.  These 
models  con  then  be  convened  to  the  CARLOS  input  formal  and  manually  checked  for  correctness. 
Finally,  the  models  can  he  run  through  CARLOS  to  dcOeraune  If  the  exp-  led  n-awrring  properties  are 
correctly  resolved  These  scattering  properties  are  wedl  known  for  limple  shapes  such  as  spheres,  boxes 
and  wedges.  However,  reliable  indications  of  the  accuracy  or  adequacy  for  real  problems  will  requin 
validation  with  realistic  experiments.  Test  plans  are  currently  being  developed  and  several  candidate 
facilities  are  under  evaluation. 

SCHEDULED  AVAILABILITY  OF  INTEGRATED  CODES 

Integration  planning,  code  acquisition  and  evaluation,  and  PR1  ECT  code  development  were 
initiated  during  FY93  Version  1.0  of  the  PRFECT  code,  which  concentrates  on  communications 
subsystem  modeling,  was  delivered  in  February  94.  Code  integration  work  has  begun,  and  the  goal  is  to 
provide  an  initial  on-line  capability  with  User's  Manuals  by  the  end  of  CY94  It  should  be  noted  that  the 
modeling  tools  described  in  this  paper  are  designed  for  narrowband  (CW)  sources.  The  treatment  of 
broadband  effects  will  requite  significant  modification  (or  substitution). 
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Teat  Fidelity  in  Anechoic  Chambers 

Clifton  Coart a«y  ud  Donald  Vow 
Vom  Sd«n  tlfic 
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Attract  -  Anechoic  chamber  susceptibility  and  vulnerability  tests  of  electronic  systems  to 
high  power  microwave  (HPM)  must  achieve  radiated  electromagnetic  fields  that  mimic  uniform 
plane-wave  illumination  to  simulate  battlefield  conditions.  Unfortunately,  these  conditions  ere 
hard  to  achieve  for  large  targets  with  multiple  points-of-entry,  such  as  found  on  aircraft.  RF 
measurements  of  the  electromagnetic  field  in  the  chamber  prior  to  a  test  are  often  impractical, 
and  electromagnet  »c  modeling  tools  and  software  are  often  incapable  of  integrating  the  many 
computational  tasks  required.  In  contrast,  this  paper  describes  a  new,  Windows-based  compu¬ 
tational  tool  designed  to  rapidly  assess  11PM  test  fidelity  in  anechoic  chambers;  the  software 
described  here  performs  all  computations  required  to  assess  the  fidelity  of  anechoic  chamber 
tests. 


I.  Introduction 

Susceptibility  and  vulnerability  tests  of  electronic  systems  (assets)  to  intense  electromag¬ 
netic  environments  are  often  conducted  in  an  anechoic  chamber.  Although  such  tests  are  gen¬ 
erally  the  most  convenient  way  to  determine  system  susceptibilities,  one  must  ensure  that  the 
electromagnetic  (EM)  environment  within  the  auechoic  chamber  is  a  realistic  representation  of 
the  EM  environment  to  which  the  asset  will  be  exposed.  Typically  the  scenario  of  interest  is 
the  exposure  of  systems  to  uniform,  plane- wave  illumination.  Tests  conducted  with  an  incident 
field  that  is  a  poor  approximation  to  a  uniform  plane-wave  over  the  test  volume,  particularly 
at  point-of-entry  (PoE)  locations,  may  generate  misleading  or  useless  data.  Poor  test  fidelity 
can  occur  when  any  of  a  number  of  non-ideal  effects  become  important.  Non-ideal  effects  in¬ 
clude;  (1)  reflections  of  the  incident  radiation  from  the  walls,  floor,  and  ceiling  of  the  chamber 
(denoted  “primary  reflections");  (2)  reflections  of  the  incident  field  from  the  target,  followed 
by  further  reflections  from  the  interior  of  the  chamber  (denoted  “secondary  reflections");  (3) 
cross-sectional  variation  of  the  incident  field  (amplitude,  direction,  and  phase)  within  the  test 
volume  due  to  the  proximity  of  the  antenna  to  PoE’s;  and  (4)  variation  of  the  radiated  power 
density  with  distance  from  the  antenna. 

Convenient  and  easy  to  use,  the  Windows-baaed  Test  Fidelity  in  Anechoic  Chambers 
(TFAC)  software  provides  test  personnel  with  a  capability  to  rapidly  calculate  a  single  figure-of- 
merit  which  indicates  the  degree  to  which  wall  reflections,  antenna  pattern,  test  asset  pla<  ement, 
and  antenna  radiation  characteristics  affect  overall  test  fidelity.  Over  a  user  defined  volume  <>r 
interest  TFAC  calculates  a  test  T-factor;  an  indication  of  the  departure  from  plane- wave  n»u- 
ditions  of  the  total  field  incident  on  PoE’s.  To  determine  the  T-factor  figure-of-merit  TV -’AC 
rigorously  calculates  the  incident  near-zone  radiated  field  of  wire  antennas  (via  a  method  of 
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moments  solution  method),  and  rectangular  and  conical  horn  antennas  (using  experimentally 
validated  aperture  integration  technique*).  Also,  by  incorporating  extensive  absorber  reflec¬ 
tivity  measurements  and  a  low  frequency  scattering  model,  TPAC  implements  two  absorber 
scattering  models;  a  specular  scattering  model  is  most  appropriate  at  low  frequencies,  while  a 
non-specular  scattering  model  better  expresses  the  absorber  scattering  properties  at  high  fre¬ 
quencies.  In  addition,  TFAC  utilizes  the  NEC-Basic  Scattering  Code  to  determine  the  secondary 
scattering  from  the  test  asset,  to  the  absorber  covered  enclosure,  back  to  the  test  asset. 

This  paper  will  present  an  overview  of  the  Test  Fidelity  in  Anechoic  Chambers  software.  It 
will  first  describe  some  of  the  issues  associated  with  anechoic  chamber  tests,  next  present  a  sum¬ 
mary  of  the  antenna  modeling  capability  of  the  software,  discuss  the  absorber  scattering  models 
implemented  in  the  program,  highlight  the  graphical  user  interface  used  for  asset  selection  and 
positioning,  and  finally  describe  bow  the  Numerical  Electromagnetics  Code  -  Basic  Scattering 
Code  (NEC-BSC)  is  used  to  determine  secondary  scattering.  A  definition  for  the  T-factor,  a 
scalar  test  fidelity  figure  of  merit,  and  a  discussion  of  its  use  are  also  given.  Finally,  the  paper 
will  conclude  with  a  sample  calculation  of  free  -field  radiated  field  and  associated  T-factor. 

n.  Overview  of  Anechoic  Chamber  Test  Issues 
Teti  fidelity  in  this  context  is  the  ability  of  a  test,  or  simulation,  to  reproduce  plane-wave 
conditions.  One  must  consider  a  number  of  important  issues  when  planning  or  conducting 
tests  in  an  anechoic  chamber.  Unambiguous  descriptions  of  these  issues  will  help  clarify  .he 
discussion  that  follows.  Consider  the  situation  depicted  in  Figure  1.  Here  the  test  asset  (a 
missile  in  this  case)  is  located  in  the  main  beam  of  the  source  antenna.  Ideally,  the  asset  test 
volume,  the  region  of  space  occupied  by  the  asset,  would  be  subjected  to  an  incident  plane 
wave.  However,  non-ideal  effects  can  prevent  the  realization  of  plane  wave  conditions  in  the  test 
volume.  Non-ideal  conditions  include: 

1.  Primary  reflections  -  reflection  of  free-field  radiation  from  the  absorber  covered  surfaces  of 
the  anechoic  chambers. 

2.  Secondary  reflections  -  reflections  of  free-field  radiation  from  the  asset,  followed  by  further 
reflections  from  the  absorber  covered  surfaces  of  the  anechoic  chambers. 

3.  Cross-Sectional  Phase  and  Amplitude  Variations  -  due  to  the  proximity  of  the  asset  to  the 
source  antenna,  phase,  amplitude  and  polarization  variations  of  the  radiated  E  and  H  free- 
field  of  the  antenna  will  exist  across  cross-sectional  planes  perpendicular  to  the  direction 
of  propagation. 

4.  Power  Density  Variations  -  again,  due  to  the  preodmity  of  the  asset  to  the  source  antenna, 
inverse  square  law  power  density  variations  will  exist  along  the  length  of  the  test  asset. 

The  term  free-field  is  used  to  mean  the  radiation  from  the  antenna  in  free  pace,  while  pointi- 
of  entry  will  be  used  below  to  indicate  areas  where  EM  energy  can  gain  access  to  the  interior 
of  the  asset. 

Items  3  and  4  above  are  usually  the  dominant  factors  in  compromising  test  fidelity  and  are 
a  consequence  of  the  close  proximity  of  the  antenna  and  test  asset.  For  well  designed  chambers 
items  1  and  2  are  generally  of  less  consequence,  unless  tests  are  conducted  at  low  frequencies 
where  the  absorber  can  become  highly  reflective.  Figure  2  presents  a  qualitative  assessment  of 
the  relative  impact  on  test  fidelity  of  each  mechanism  as  a  fimefl.  -u  of  frequency.  It  indicates 
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that  absorber  scattering  is  of  most  concern  at  lower  frequencies,  while  cross-sectional  plane  wave 
departures  are  most  dominant  at  higher  frequencies.  Power  density  dependence  on  distance  from 
the  antenna  is  shown  to  be  of  concern  at  all  times,  especially  for  assets  with  extended  (axially 
long  compared  with  wavelength)  points-of-entry. 

IQ.  TFAC  Field  Computation  Capability 

To  asaess  the  impact  upon  test  fidelity  in  anet  lie  chambers  of  items  3  and  4  above,  the 
TFAC  software  must  compute  accurately  the  radiated  near-field  of  the  source  antenna,  primary 
scattering  from  the  absorber  covered  walls,  and  secondary  scattering  from  the  test  asset  to  the 
absorber  covered  walls  and  back.  This  section  reviews  the  TFAC  computation  capabilities  for 
each  of  the  above. 

Antenna  Radiated  Field  Computations 

Since  the  antenna  used  in  a  test  depends  on  the  type  of  test  being  conducted,  and  the 
source  being  used,  TFAC  computes  antenna  near-fields  from  rectangular  and  conical  aperture 
antennas,  and  a  number  of  common  wire  antennas.  User  selections  and  antenna  parameter 
inputs  are  accomplished  through  dialog  boxes  accessible  to  the  user  under  the  Antenna  field 
of  the  program’s  main  dialog  box;  Figure  3a  depicts  the  dialog  box  for  a  rectangular  antenna. 
Further  specification  of  frequency,  mode  and  power  are  accomplished  under  the  Drive  field; 
Figure  3b  illustrates  how  the  program  depicts  the  field  structure  of  a  conical  horn  antenna 
when  driven  in  the  TEu  inode. 

Computations  for  aperture  antennas  are  prefaced  by  a  description  of  the  physical  geometry 
of  the  antenna  and  feed  waveguide,  specification  of  the  dominant  inode,  frequency  of  operation, 
and  total  radiated  power.  Calculation  of  he  radiated  fields  axe  then  made  using  a  technique 
similar  t0  the  Stratton-Chu  technique  (Ref.  1).  These  calculations  have  been  experimentally 
shown  to  be  accurate  to  within  fractions  of  a  dD  for  values  of  £  and  H,  both  magnitude  and 
phase  of  all  components,  in  the  radiating  nearfield.  If  a  wire  antenna  is  used,  test  personnel 
specify  the  general  type  of  wire  antenna  (log  periodic,  vagi,  dipole  array,  and  dipole  antennas 
are  currently  supported),  the  physical  dimensions,  operating  frequency,  radiated  power,  and 
for  some  types,  the  gain.  TFAC  then  constructs  a  thin  model  of  the  antenna,  formulates 
an  impedance  matrix  description  via  the  method  of  moments  [Ref.  2],  and  solves  for  the 
corresponding  antenna  current  distribution.  Radiated  fields  are  then  calculated  from  the  current 
distribution  in  the  usual  manner. 

Primary  Scattering  Computations 

To  compute  primary  scattering  from  absorber  covered  surfaces,  TFAC  first  determines  the 
reflection  coefficient  of  the  metal  backed  pyramidal  absorber  as  a  function  of  frequency,  angle 
of  incidence,  and  polarization.  The  low  frequency  reflection  coefficient,  where  the  pyramids 
are  leas  than  A/2  in  height,  is  determined  from  an  analytical  model  [Ref.  3],  while  the  high 
frequency  reflection  coefficient  is  primexily  found  from  experimental  measurements.  Then  TFAC 
computes  the  magnitude  of  the  radiated  field  incident  oc  the  wall.  Two  absorber  scattering 
models  are  used:  The  first  assumes  a  specular  scattering  mechanism  and  is  most  accurate  in 
the  low  frequency  regime.  For  this  model  only  the  field  incident  oc  the  specular  point  of  the 
wall  (determined  by  the  chamber  geometry  and  the  specification  of  the  points-of-entry)  need  be 
determined.  The  second  model  assumes  the  energy  is  scattered  beck  isotropically  (applicable 
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for  high  frequencies)  and  requires  the  computation  of  the  incident  field  at  many  locations  on 
the  walls  of  the  chamber.  The  magnitude  of  the  field  due  to  primary  scattering  that  arrives 
in  the  test  volume  is  then  compared  with  the  direct  incident  field  and  a  determination  of  the 
impact  on  test  fidelity  made. 

Secondary  Scattering  Computations 

Due  to  the  size  of  the  scattering  surfaces  of  the  asset  and  the  path  lengths  involved,  the 
significance  or  impact  on  test  fidelity  of  secondary  scattering  will,  in  most  cases,  be  minor. 
However,  since  the  asset  is  typically  located  in  the  main  lobe  of  the  source  antenna,  the  secondary 
scattering  can  be  comparable  to  the  primary  scattering  when  asset  scattering  centers  and  points 
ox-entry  are  located  close  to  chamber  walla.  The  NEC-BSC  [Kef.  4]  code  is  used  to  help  TFAC 
accounts  for  secondary'  scattering  mechanisms.  NEC-BSC  computes  the  near  and  far  zone  field 
of  antennas  in  the  presence  of  scattering  structures.  It  exists  as  an  element  of  a  dynamic  Unit 
library  (DLL)  and  called  as  a  C  function  from  TFAC.  Asset  selection  and  positioning,  via  a 
Windows  dialog  box,  enables  TFAC  to  construct  a  NEC-BSC  input  data  file  that  describes 
the  experimental  arrangement.  NEC-BSC  computations  then  yield  the  scattered  field  incident 
on  the  chamber  walls.  Since  directional  information  is  not  available,  TFAC  uses  the  isotropic 
scattering  model  and  propagates  it  toward  the  poiuts-of-entry  (properly  accounting  for  distance 
dependence  of  field  strength  )  to  determine  the  level  of  secondary  scattering  relative  to  the  direct 
incident  field. 


III.  T- Factor  and  Determination  of  Teat  Fidelity 
The  primary  test  fidelity  figure-of-merit  is  the  T  -  factor  [Ref.  5).  This  scalar  quantity 
is  easy  to  calculate,  and  expresses  amplitude,  phase  and  polarization  deviations  from  a  plane 
wave.  It  is  defined  as 

1  + 1?3 


T(r)  = 


|Ew(r)p  +  i»|H.n.(r)|» 


(') 


|E,,(r)P  +  ^|H„(r)P 

where  the  error  field  (for  the  electric  field)  is  E.r,  =  E  —  E,|.  The  terms  E  and  E,(  are  the  true 
field  (rigorously  calculated  as  described  eariier)  and  the  plane  wave  construction  at  the  obser 
vatiou  point.  The  plane  wave  field,  Epi,  is  a  ie)t  fit  field  formed  from  the  Poynting  vector  (to 
avoid  bias  toward  the  electric  or  magnetic  field)  which  is  calculated  at  a  user  specified  reference 
position  and  propagation  direction.  For  example,  at  a  reference  position  r0  and  direction  z,  the 
plane  wave  E-field  is: 

E„  =  Em„  e*(*|£V,|  +  y|£,,t|)/|E|  (2) 

where  the  components  used  above  are 


E,i*  =  -(E,(T0)  +  vH,(ro)) 
E„,=  \(E,(r0)-vH.(ro)) 


(3o) 

(36) 


and  the  magnitude  o t  the  electric  fieid  is  —  (r;j.«e(E  x  H)|)!'!.  the  phase  <t>  is  given  by 

4>~  [!£„,!  ph(E,„)  +  |£,,,|  p/1(E,,,)]/[|E^I|  -I  |E,,,|] .  (4) 
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The  function  ph{- )  takes  the  phase  of  its  complex  argument,  similar  definitions  apply  for  the 
,  magnetic  fields.  The  T  -  factor  is  the  average  energy  density  of  the  error  field  to  that  of  an 

ideal  plane  wave;  for  perfect  plane  wave  simulation  conditions  T  —  0.  TFAC  will  calculate  and 
plot  the  value  of  T  at  any  user  defined  point,  line,  or  cross  section. 

IV.  Example 

In  this  section  we  demonstrate  the  use  of  the  test  fidelity  software  by  a  brief,  and  simple 
example  of  the  computation  of  the  T  -  factor.  Consider  a  standard  gain  rectangular  horn 
( G  ta  16,2  dB,  A  =  0.208  mJ)  operated  at  1.41  GHz.  At  6  m  directly  in  front  of  the  horn,  the 
T  —  f  actor  in  a  0.25  m2  cross-sectional  plane  is  calculated  and  displayed  as  shown  in  Figure  4a. 
Making  the  somewhat  obtuse  assumption  that  the  E  and  H  fields  are  related  simply  as  in  the 
far-field  (to  enable  us  to  unfold  the  T  —  factor,  we  can  show 

(1  -  s/ff  <  |£|s  <  (1  +  V'T)’.  (5) 

I  Study  of  Figure  4a  shows  that  T  <  0.1  across  the  0.5  m  X  0.5  m  area.  Then,  use  of  Eq. 

I  (5)  reveals  that  the  power  density  can  vary  instantaneously  by  more  than  5  dB  over  the  area. 

'  Figure  4b  presents  the  computation  of  T  at  12  m  (approximately  the  antenna  far-field)  directly 

|  in  front  of  the  horn  across  a  0.25  m1  cross -sectional  square  plane.  For  this  case,  T  <  0.02, 

i  which  indicates  that  the  power  density  can  vary  instantaneously  by  2.5  dB  over  the  area.  A 

general  rule  of  thumb  is  that  if  T  <  0.02  across  cross-sectional  areas  that  cover  points-of-entries, 
i  then  instantaneous  power  density  variation  across  points-of-entries  will  be  less  than  3  dB.  In 

addition,  numerical  experiments  will  show  that  at  distances  close  (in  terms  of  wavelengths)  to 
the  source  antenna,  test  fidelity  can  be  maintained  over  small  cross-sectional  areas. 

V.  Summary 

I  Many  times,  tests  conducted  in  anechoic  chambers  strive  to  achieve  plane-wave  conditions 

over  extended  spatial  areas.  The  Test  Fidelity  in  Anechoic  Chambers  software  program  provides 
test  personnel  an  ability  to  rapidly  and  accurately  determine  the  electromagnetic  environment 
in  which  a  test  asset  is  placed.  The  impact  on  test  fidelity  (the  degree  to  which  the  simulation 
approximates  a  plane  wave)  of  test  asset  proximity  to  the  antenna,  and  scattering  from  absorber 
surfaces  is  expressed  as  a  simple  scalar  number.  Prior  assurance  of  good  test  fidelity  reduces 
test  setup  efforts,  and  ultimately  lends  confidence  in  the  experimental  results. 
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Figure  1-  Direct,  primary,  and  secondary  illumination  of  test  asset.  The  test  asset  is 
exposed  to  direct  illumination  from  the  source,  (primary)  reflections  from  the  absorber  covered 
walls  of  direct  illumination,  and  (secondary)  reflections  of  direct  field  incident  on  the  asset, 
scattered  to  the  walls  and  reflected  back  to  the  text  zone. 
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Figure  2.  Relative  importance  of  perturbations  to  test  fidelity  caused  by  ancchoic  chamber 
reflections  and  radiating  near-field  effects  versus  frequency. 


Figure  3.  Dialog  boxes  for  descriptions  of  aperture  antennas:  (a)  rectangular  aperture  pbys- 
1C«I  dimension*  and  driving  waveguide;  and  (b)  conical  antenna  mode  specification*,  frequency, 
and  output  power. 
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gure  4.  Contou,  graph  of  T  -  factor  for  a  standard  gam  horn  operated  at  /  -  1.41  Off* 
f  T  over  a  croM-eectiona)  are.  6  m  in  front  of  the  horn  on  bores.ght;  and  (b)  T  over  a 
oss-*ectional  area  12  m  in  *ront  of  the  horn. 
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An  Investigation 

into  Alternative  Construction  Techniques 
to  Reduce  Shielded  Room  Resonance  Effects 


Bruce  Archambcauli  Kent  Chamberlin 

Digital  Equipment  Ccuporttkm  University  of  New  Hampshire 

Introduction 

The  need  to  measure  ciectromsgnntic  fields  accurately  is  pester  than  ever  before  in  industry. 
As  computers  and  their  Maori  atrd  devices  increase  m  speed  they  tend  to  mere  tar  the  pollution 
of  the  electromagnetic  spectrum,  while  the  reliance  on  conarmnicafioc  devices  requiring  s 
quiet  spectrum  is  increasing.  It  is  no  surprise  thst  msnufacniren  spend  enormous  amounts  of 
money  to  build  shielded  rooms  with  sufficient  absorber  material  so  they  can  meet  the  test  facil¬ 
ity  requirements  of  the  Federal  Cosrrmurncaticau:  Con  mission  (FCC)  while  eliminating  the  am¬ 
bient  signals  that  could  cause  measurement  macro  rarics. 

This  paper  discusses  i  new  construction  technique  that,  when  combined  with  a  reduced  amount 
of  absorber  material,  can  greatly  reduce  the  cost  and  size  requirements  of  such  anechoic 
shielded  rooms.  Modeling  is  usod  to  verify  the  room's  performance. 

Background 

Typically,  EMI  last  laboratories  have  little  choice  in  tilt  test  site  type.  They  can  either  build  an 
□pen  area  test  site  (OATS)  or  s  shielded  anechoic  room.  An  OATS  is  much  less  expensive  to 
build  than  the  shielded  anechoic  room,  but  requires  die  user  to  deal  with  poor  weather  condi 
tionr  and  an  intrusive  electromagnetic  ambient.  If  a  wood  or  plastic  enclosure  is  placed  around 
the  test  sire,  then  extra  cate  (meaning  extra  expense)  must  be  used  to  insure  the  materials  do  not 
allow  small  amounts  of  reflectiasis  which  could  tender  the  site  unacceptable  to  the  FCC.  (The 
FCC  requites  a  measurement  uncertainty  of  leas  than  4  dB .) 

Shielded  rooms  offer  protection  bom  the  weather  environment  as  well  as  the  electromagnetic 
environment.  However,  the  metal  walls  allow  reflections  which  result  in  resonances.  These 
resonance  frequencies  are  determined  by  the  construction  dimensions  and  can  result  in  typical 
measuietnmt  uncertainties  of  at  least  40  dB.  [1]  Flaring  anechoic  sbsoeber  material  on  the 
walls  reduces  the  Q  of  the  room,  nd  can  greatly  reduce  the  measurement  uncertainty. 

Since  measurements  for  the  FCC  (and  other  commercial  standards)  are  typically  at  distances  of 
at  least  3  meters  the  construction  coats  sssoriated  with  the  shielded  anechoic  room  is  normally 
in  the  area  of  XI  Million.  The  ihif.lded  room  must  bo  lsige  enough  to  include  6-8  feet  thickness 
of  the  absorber  tyiMrrial  on  all  the  walls  and  ceiling  makaig  the  shielded  room  much  larger  then 
would  normally  be  required  to  provide  the  same  working  space  (bonce  pan  of  foe  extra  cost). 
The  zbrerber  material  is  quite  expensive  and  can  often  be  it  least  half  of  the  total  room  costs. 
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Approach 

Since  the  room  resonances  are  due  to  the  physical  parameters  of  the  shielded  room,  this  work 
changed  the  most  basic  assumption,  that  is,  the  room  must  be  rectangular.  The  walls  were 
made  to  be  non-parallel  (by  varying  degrees)  and  the  effect  upon  the  room  resonance  frequen¬ 
cies  was  observed.  Small  amounts  of  abeoiber  material  were  added  to  observe  the  effect  upon 
the  measurement  uncertainly. 

The  Finite-Difference  Tune-Domain  (FDTD)  modeling  technique  was  used  to  model  the 
shielded  roam  with  non-parsliel  walls  (with  snd  without  the  absorber  material).  A  two- 
dimensional  model  was  used  to  reduce  the  run  rims  and  memory  requirements.  The  FDTD  re¬ 
sults  were  compared  to  the  doted  form  solution  for  the  rectangular  case. 

Rectangular  Room  Resonances 

A  rectangular  cavity  has  resonant  frequencies  which  depend  upon  the  the  three  linear  dimen¬ 
sions  between  the  parallel  walls.  Equation  (1)  is  given  in  [2]  to  determine  these  resonant  fre¬ 
quencies.  Since  the  analysis  was  to  be  performed  in  only  two  dimensions,  equation  (1)  was  re¬ 
duced  to  equation  (2). 


=  (t)2  +  (t)2  +  (?)  (1) 

+  ("/  (2) 


The  resonant  frequencies  of  a  2-D  cavity  with  dimensions  3.024  meters  by  1.89  meters  were 
found  using  both  equation  (2)  and  FDTD.  The  results  arc  shown  in  Table  1.  There  was  good 
agreement  between  the  two  approaches. 

One  of  the  disadvantages  of  using  FDTD  to  determine  resonant  room  characteristics  is  its  ten¬ 
dency  to  repon  infinite  Q's  (since  the  walls  are  perfect  electrical  conductors).  Naturally,  before 
an  infinite  Q  can  be  found,  the  model  must  run  for  an  infinite  amount  of  time  as  well.  The 
model  must  also  run  long  enough  for  all  the  resonant  frequencies  to  be  found.  The  question  of 
the  best  trade  off  between  accuracy  of  the  Q  and  the  long  run  times  needed  to  be  settled. 

The  ran  time  needed  for  the  FDTD  model  was  determined  by  using  different  run  times  and  ob¬ 
serving  the  response  over  rn  sres.  Figure  1  shows  the  basic  model  geometry.  The  FDTD 
model  was  run  for  10,000,  30,000.  50,000,  and  100,000  tunc  steps.  The  maximum  received 
spectral  signal  strength  over  all  the  monitor  points  is  shown  m  Figure  2  for  the  various  run 
times. 

From  the  response  in  Figure  2  it  war  determined  this  30,000  rime  steps  was  sufficient  to  allow 
the  resonance  to  develop.  Although  the  Q  may  not  be  absolutely  correct  for  the  non -coated 
walls,  the  measurement  uncertainly  was  at  least  20  dB,  which  is  much  more  Ilian  allowed  As 
the  absorber  materia]  is  added  to  the  walls  the  Q  of  the  room  will  be  lowered  significantly  snd 
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the  nm  time  need  not  be  as  long.  This  is  verified  later  m  thir  report 


Table  1 

Resonant  Frequency  Comparison  between  Techniques 


Mod* 

FDTD 

Balanls 

i 

95-5  MHz 

93  J  MHz 

2 

131.4  MHz 

12c  9  MHz 

3 

172JMHZ 

168.5  MHz 

4 

192  MHz 

187  MHz 

3 

219.7  MHz 

217.4  MHz 

6 

246.4  MHz 

242.9  MHz 

7 

2602  MHz 

2S7.7MHz 

Anechoic  Absorber  Material 

The  anechoic  abaarhr.;  material  used  in  most  shielded  rooms  is  a  catbou  loaded  foam.  It  is  most 
often  pyramidal  shr  jed  The  balk  conductivity  has  been  detenu  mod  at  the  National  Institute  of 
Sumdards  and  Technology  (NIST)  empirically  [7]  rod  verified  by  others  [8].  The  conductivity 
was  found  to  vary  as  a  function  of  frequency  less  than  an  order  of  magnitude.  Since  FDTD  is  a 
rime  domain  technique  and  a  wide  bandwidth  Gaussian  shtpsd  poise  was  used,  the  model  for 
die  abeotber  material  conductivity  required  a  tingle  value.  The  average  absorber  conductivity 
across  the  frequency  range  was  used  (5  x  10‘2  Siemens). 

The  rtnrknrai  of  die  absorber  material  wv  varied  (as  described  in  die  next  section)  and  a 
stairstep  approximation  for  the  triangolar  cones  was  used  in  the  FDTD  model. 

Evaluated  Models 

It  was  desired  to  create  a  ririelded  room  with  encugh  usable  space  to  allow  testing  at  a  distance 
of  3  meters,  including  the  space  needed  for  an  internal  turntable  with  a  large  equipment-under- 
test  (EOT).  Figure  3  shows  a  graphical  representation  of  the  desired  room  and  die  various 
space*  allowed.  The  result  was  a  room  overall  drincnsioc  of  18  x  33  feet.  Note  if  the  8  fool 
thick  absorber  cones  were  used,  the  overall  dimension  would  be  34  x  49  feet 

The  room  war  then  scaled  down  by  a  factor  of  4  to  allow  sufficient  resolution  or  the  FDTD 
model  wnbom  creating  a  huge  cminmiticnal  domain  The  final  room  din  notion  was  1.89  r 
3.024  means. 

A  series  of  room  shapes  were  then  mifynsd  These  shapes  are  shown  in  Figure  4.  Nose  that 
only  m  one  care  were  there  my  -mallei  walls. 

Anechoic  absorber  was  adder  cfa  of  the  rooms  m  thicknesses  of  1, 2,3  ,and  4  feet. 


The  goal  was  to  reduce  or  rlmtmate  the  measurement  uncertainty  iant  the  measurement  area 
That  is,  if  the  EOT  (at.  a  scarce)  was  moved  slightly  within  the  aeamremem  area,  while  keep¬ 
ing  the  total  distance  between  the  EOT  and  die  receive  Usama  constant,  then  the  measured  sig¬ 
nal  strength  should  remain  comtant  Since  the  PDTD  model  contamcd  a  number  (SO)  of  moni¬ 
tor  points  and  one  scarce  (the  reciprocal  problem),  then  the  difference  between  the  mnimim 
md  minimum  signal  strength  across  the  frequency  range  should  be  the  same  as  for  an  OAFS. 

Model  Results 

A  number  of  different  cases  were  modeled.  Table  2  shows  die  reference  name  for  each  case, 
and  their  associated  parameaas.  a»  n«win»ii  eadier,  »*<«*  wiwdmnm  «nH  ammim  spectral  re. 
spouse  for  each  case  was  detemrined.  An  g*«pl>  «f  the.  huge  variance.  w—  ■■  •  rectangular 
loom  with  no  ibaacber  (Caae  RClOa)  md  the  inaorirnnm  nan-rectangular  room  with  the  4  foot 
thick  abaosber  rn shrill  (Cam  RC14e)  is  tiaswn  m  Figure  Sa  and  5b,  respectively-  Both  the 
monitor  manmmn  and  the  mentor  inininann  is  shown  for  both  caaes.  Note  die  large  irtonant 
effects  at  the  resonant  frequencies  drroogboat  die  frequency  range  in  Figure  Ss  and  the  neatly 
flat  response  in  Figure  5b, 

Once  the  post-processing  war  nnreplffiyi,  only  the  difference  between  the  monitor  maximum 
and  ibe  monitor  monnann  was  considered-  Figures  6  through  10  show  the  same  paiameter  fox 
the  vanout  nun-parallel  wall  rooms. 

As  can  be  seen  from  Figures  6  through  10,  the  abserber  material  has  a  much  greater  effect 
when  the  wills  of  the  room  are  not  parallel.  In  fact,  the  greater  the  angle  of  the  walls,  the 
greater  the  effect  of  the  absorber  material. 

Conclusions 

The  nae  of  non-parallel  willed  shielded  rooms  can  reduce  the  amount  of  RF  ahjoxber  material 
required  to  reduce  measurement  uncertainty.  A  relatively  modest  amount  of  absorber  material 
can  be  used  (on  the  order  of  4  fee*  rather  than  the  typical  8  feet  thick),  thus  reducing  the  overall 
construction  cost  through  redaction  on  the  amount  of  abscaber  man-rial  purchased,  the  size  of 
the  basic  rinrlded  room  (needed  to  maintain  a  nisi  -  internal  space),  and  the  area  required  to 
house  the  facility.  The  roam  response  is  very  slowly  varying  with  frequency  with  this  modest 
ttnoura  of  absorber  thickness  in  a  noo-psnllel  zoom,  and  so  further  reduction  in  measurement 
uncertainty  can  be  realized  by  using  a  calibrated  'roam  correction  factor’  in  all  measurements. 
This  correction  factor  could  elmrinalr  any  further  variations  in  measured  response  as  a  function 
of  frequency,  since  the  response  u  slowly  varying. 

Summary 

This  paper  has  used  the  FDTD  modeling  technique  to  model  the  effect  of  non-parallel  walls  in  a 
shielded  enclosure  on  the  room's  resonances  and  therefore  on  its  measurement  uncertainty. 
Small  mounts  of  mechoic  absorber  material  can  be  used  to  great  advantage  compared  to  the 
normal  requirements  for  rectangular  shielded  rooms.  This  result  allows  a  great  reduction  in 
con  to  cream  commercial  EMI  test  tscmrics  using  smeared  iocss. 
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Table  2 

Description  of  Modeled  Cases 


Absorb** 

Thickness 

Cm* 

1 

DOCK 

Case  KCIOA 

1 

r 

CaseRClOB 

1 

2’ 

Case  RC  IOC 

1 

3’ 

CaseRClOD 

1 

4' 

CaseRClOE 

2 

none 

Case  RC11A 

2 

r 

Case  RCllB 

2 

Case  RC11C 

2 

BS 

Case  RC11D 

2 

4’ 

Case  RC1  IE 

3 

none 

Case  RC12A 

3 

r 

Case  RC12B 

3 

r 

Case  RC12C 

3 

r 

CaseRC12D 

3 

4’ 

Case  RC12E 

4 

none 

Case  RC14A 

4 

r 

Case  RC14B 

4 

T 

Case  RC14C 

4 

3’ 

Case  RC14D 

4 

4’ 

Case  RC14E 

References 

[1]  M.  L.  Cnwfbrd,  "Evaluation  of  Shielded  Enclosure  fox  EMI/EMC  Measurements  with  end 
without  RF  Anecboic  Material,"  IEEE  IoSemark  til  Symposium  an  EMC,  Zurich,  March  1983. 

[2]  C.  A.  Beilis,  "Advaced  Engineering  Electromagnetics,"  Wiley,  1989 

Ij]  c.  M.  riaiis,  "AppliciaGu  of  n'ivt  Tuouxy  of  r  oc£u  Acvutufs  to  the  Design  of  Audit  on 
urn*,"  Annals  of  Physics,  #159, 1989,  pp  59-65. 

[4]  D.  E.  Bui,  A  Seireg,  "A  Strategy  for  the  Optimum  Design  of  Acoustic  Space,"  Journal  of 
Mechanical  Design,  VoL  109,  July  1978,  pp.  411-416. 


232 


I 


[5]  T.  J.  Schultz,  "Cooocxt  Hall  Acotutics,"  SAAI  1980  International  Symporium  on  Sound, 
Bn  ildingt,  and  Pecyie.  October  19t0,pp.  35-47. 

[6]  C.  Berry,  G.  L  Cnnao,  "Aniaxad  Rnaonantr;,"  Journal  of  the  Audio  Society, 

Vol.  24,  Number  3,  April  1976,  pp.  171-177. 

[7]  Santa  Tofani,  A.  Gndrejka,  sad  M.  Kanria,  "Time-Domain  method  for  chammerizjng  the  re¬ 
flectivity  of  abaotfamf  material*  from  30  to  1000  MHz,"  IEEE  Tram.  ElectTomafn.  Cotnpat., 
Y0l.  33,  pp.  234-240, 1991. 

[8]  Sand  Toflaai,  A.  Ondrejkz,  M.  Katada  and  Darid  Hill,  "Bisialic  Scattering  of  Absorbing  Ma¬ 
terial*  from  30  to  1000  MHz,"  IEEE  Tran*.  Electromagn.  CoqiaL,  voL  34,  Number  3,  August 
1992. 

Figuna  3 

Baaio  Modal  Geometry  D**h*d  Room  CJ«*mrtry 


Electromagnetic  Interference  (EMI)  Susceptibility  Analysis 
of  an  Airborne  Phased  Array  Antenna  System 

Frank  E.  Walker  and  Scott  L.  Badger 
Boeing  Defense  &  Space  Group;  Seattle,  WA 


Abstract 

This  paper  describes  the  results  of  two  approaches  to  approximating  the  susceptibility  of  an 
airborne  phased  array  system  to  electromagnetic  interference  (EMI).  Simple  models  were  used 
in  an  attempt  to  develop  a  ’quick-look"  capability  to  determine  the  gross  coupling  of  threat-level 
electromagnetic  (EM)  environments  into  the  antenna  system.  In  the  first  case,  NEC-3  was  used 
to  approximate  external  field  coupling  into  the  system  by  modeling  the  antenna  as  a  half-wave 
dipole  into  a  50-ohm  load.  In  the  second  case,  extemal-to-intemai  field,  internal  field-to-wire, 
and  internal  field-to-antenoa  coupling  approximations  were  made  with  IEMCAP  ’ 

These  modeling  approaches  could  provide  the  program  engineer  with  a  tool  to  approximate 
EMI  effects.  However,  their  application  is  limited  because  of  the  detailed  modeling 
requirement!  necessary  in  order  to  avoid  errors  induced  by  approximations  and  simplifying 
assumptions.  Accurate  extemal-to- internal  field  coupling  was  not  calculated  in  this  analysis  due 
to  detailed  modeling  requirements  that  w,  c  beyond  the  scope  of  this  effort.  A  WIRANT 
model  was  sufficient  to  calculate  airframe  surface  currents  but  requires  further  refinements  of 
fuselage  apertures  to  predict  internal  field  strengths.  Extemal-to-intemal  field  coupling  data  arc 
needed  to  improve  the  internal  field  estimate  in  the  IEMCAP  model.  Again,  this  will  require 
more  detailed  modeling  of  the  aircraft  airframe  or  EM  environmental  test  measurements,  which 
is  time  consuming  and  costly.  Such  detailed  modeling  and  testing  are  often  beyond  the  available 
resources  of  the  program  engineer  for  estimating  purposes. 

Introduction 

Preliminary  EM  coupling  estimates  are  necessary  to  determine  EMI  effects  on  an  airborne, 
antenna  system.  Tbe  system  design  engineer  can  determine  EMI  effects  on  system  elements 
from  known  system  susceptibility  parameters  using  approximations  of  coupling  from  external 
EM  environments.  Recent  studies  have  been  conducted  to  learn  more  about  the  susceptibility 
of  antenna  elements  to  RF  interference.4-*4-5  From  the  system  engineering  point  of  view,  it  is 
desirable  to  be  able  to  quickly  and  easily  approximate  the  effects  of  new  EM  environments  as 
they  are  identified.  Extensive  EMI  analysis  may  be  required  to  guarantee  the  integrity  of  a 
complex  system  in  a  hostile  EM  environment6 

In  this  effort,  tbe  compulation  of  EM  environments  coupling  into  a  typical  phased  array 
antenna  element  and  into  internal  system  ports  was  modeled  to  demonstrate  the  analysis 
approach.  1  le  modeling  was  not  based  upon  actual  system  parameters  but  rather  general 
approximations  were  used  to  allow  reasonable  simulation  of  a  system.  For  a  real  array  system 
configuration,  the  transfer  function  of  the  specific  antenna  elements,  both  in-band  and  out-of- 
band,  can  be  calculated  from  actual  system  parameters.  The  approach  to  modeling  EMI 
coupling  depends  on  the  type  of  element  into  which  tbe  RF  energy  will  be  coupled. 

NEC-3  Modeling  of  External  Field-to-Pon  Coupling 

We  have  chosen,  for  this  simple  analysis,  a  haif-wave  dipole  to  .  iodel  the  antenna  element. 
The  dipole  is  5-cm  lon&  making  the  fundamental  frequency  3  GHz.  It  is  modeled  as  a  50-ohm 
center  segment  loaded  thin-wire  dipole  with  varying  numbers  of  segments  in  a  NEC-3  model  file, 
as  shown  in  figure  1,  for  a  method  of  moments  anafysis. 
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Figure  1  SO  ohm  Half-Wave  Dipole  Antenna  Element  Model. 


The  number  of  segments  varies  with  frequency  because  NEC-3  has  numerical  difficulties 
with  segments  that  are  extremely  short  in  terms  of  a  wavelength,  and  NEC-3  is  not  as  accurate 
with  segments  that  are  much  more  than  a  tenth  of  a  wavelength.  This  posed  problems  because 
the  environments  covered  a  range  of  1  kHz  to  100  GHz.  Even  with  varying  numbers  of 
segments,  the  lowest  frequency  at  which  NEC  can  handle  a  5-cm-long  wire  is  approximately  1 
MHz.  The  computed  transfer  function  seems  to  converge  to  a  straight  fine  on  a  log-log  scale  and 
is  sufficiently  small,  at  1  MHz  and  lower,  that  extrapolation  seems  appropriate.  The  transfer 
function  as  calculated  by  NEC-3  is  shown  in  figure  2  and  is  shown  transposed  onto 
environmental  levels  and  in  the  same  units  in  figure  3.  The  transfer  function  can  be  applied  to 
EM  environment  levels  to  find  the  signal  strengths  dumped  into  a  50-ohm  load  by  the  antenna. 
These  signal  levels  are  shown  in  figure  4  and  can  be  used  to  model  the  combined  worn  case 
threat  to  the  phased  array  receiver. 

Method  of  moments  codes,  such  as  GEMACS,  NEC-3,  or  WIRANT,  can  be  used  to 
calculate  vehicle  surface  currents  such  as  those  on  the  fuselage  of  an  aircraft.  Currents  around 
apertures  can  be  calculated  to  determine  field  strengths  entering  the  fuselage.  Interior  field 
strengths  are  then  analytically  coupled  into  cabling  on  the  interior  of  the  fuselage  to  determine 
the  energy  in  the  cables  and  at  the  system  port  circuits.  A  WIRANT  model  of  a  707-320B  is 
shown  in  figure  5.  This  model  would  be  sufficient  for  determining  surface  currents  on  the  wings 
and  fuselage,  but  requires  further  refinement  around  (he  cockpit  to  be  useful  to  determine 
internal  field  strengths. 


o.an  o.oi  o.i  t  io  100 

Frequency.  GHf 


Figure  7.  Dipok  Antenna  Transfer  Function 


IEMCAP  Modeling  of  System  F'eld-to-Port  Coupling 

In  this  study,  IEMCAP  was  used  to  determine  internal  port  circuit  energy  coupled  from 
external  EM  fields.  IEMCAP  was  used  to  perform  the  field  strength,  field-to-wire,  and  field-to- 
antenna  calculations.  A  Boeing  707-320B  was  used  as  a  representative  platform,  and  some 
typical  equipment  cases  for  a  phased  array  radar  were  assumed  and  located  in  arbitrary  locations 
on  the  aircraft.  A  diagram  of  the  locations  of  these  cases  is  shown  in  a  side  view  in  figure  6  and 
in  a  plan  view  in  figure  7.  The  cargo  door  of  the  707-320B  was  assumed  to  be  a  practical 
location  for  a  conformal  phased  array  antenna.  An  equipment  case  for  the  radar  was  placed  just 
aft  of  the  door,  which  would  derive  its  power  from  cables  coming  from  one  of  the  engine  nacelle 
generators  into  a  junction  box  at  the  wingroot  An  equipment  case  for  a  display  or  some  other 
piece  of  auxiliary  equipment  was  located  just  aft  of  the  forward  personnel  door.  The  actual 
model  of  the  aircraft  used  by  the  IEMCAP  code  is  rather  a  simplistic  one.  The  fuselage  is 
represented  by  a  truncated  cone  for  the  nose  of  the  aircraft,  which  is  attached  to  either  a  round- 
bottomed  or  a  flat-bottomed  cylinder  that  extends  backward  to  infinity  from  the  nose.  The  wings 
are  represented  by  flat  plates  specified  by  the  wingroot  and  wingtip  locations.  An  illustration  of 
this  basic  model  is  shown  in  figure  8. 


Figure  7  Plan  View  of  Equipment  Location  on  7O7-3Z0B  Aircraft. 
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Figure  8  IEMCAP  Model  of  707-320B  Aircraft. 

The  equipment  in  the  IEMCAP  model  is  specified  by  locating  cases  by  their  water  lines, 
butt  lines,  and  stations.  Ports  are  assigned  to  each  case  and  can  be  filtered.  The  cabling  is 
assigned  locations  by  bundles  whose  end  points  are  given  by  the  ports  to  which  they  are 
connected.  The  characteristics  of  the  cable  are  taken  from  a  wire  table,  which  specifies  all  the 
particulars  of  cable  type  and  dimensions.  Antennas  are  specified  by  location,  in  water  line,  butt 
line,  and  station  units,  using  some  basic  simple  types,  such  as  dipoles  and  horns.  The  3d  It 
beam-width  of  the  antenna  can  be  specified,  but  it  is  a  fixed  pattern  and  docs  not  vary  with 
frequency.  Figure  9  illustrates  the  equipment  modeled  for  the  IEMCAP  analysis. 


Figure  9  Model  or  Equipment  Used  for  IEMCAP  Analysis. 

Worst  case  env  i-onmental  field  levels,  which  were  those  for  electronic  warfare  sources, 
were  fed  into  the  IEMCAP  model  as  external  field  levels.  Because  the  internal  fuselage  field 
levels  were  not  specified,  IEMCAP  defaulted  these  to  40  dB  below  those  of  the  external  field 
levels.  Equipment  cases  are  treated  as  simple  dipoles  exposed  to  plane  waves  at  the  internal 
field  strength.  The  signal  levels  for  the  cases,  as  calculated  by  IEMCAP,  are  shown  in  figure  10. 
The  field-to-wir?  coupling  calculations  are  solved  usi*  ">  transmission  line  theory  for  low 
frequencies  and  moment  methods  for  high  frequencie..  The  signal  ieveis  for  the  ports  is 
calculated  by  IEMCAP  are  shown  in  figure  11.  These  levels  are  very  much  higher  than  weir 
expected  and  can  be  reduced  by  further  refinements  of  the  IEMCAP  model. 
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Figure  10  IEMCAP  Predicted  Equipment  Case  Coupling. 


Figure  11  IEMCAP  Predicted  Equipment  Port  Coupling. 

Findings  and  Recommendations 

Our  initial  NEC  antenna  model  is  sufficient  for  appro* nations  of  gross  antenna  response 
to  EMI  environments.  The  IEMCAP  analysis  provides  uppei  hounds  on  the  EMI  coupled  to  the 
system  ports  but  is  excessively  conservative  for  design  evaluation  based  upon  interference 
predictions.  It  is  difficult  to  avoid  the  eventual  necessity  of  detailed  system  modeling  to  achieve 
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reasonablyaccuiate  EM  coupling  estimates.  We  would  hope  that  as  computational  codes  like 
NEC  and  IEMCAP  become  refined  and  easier  to  use  that  they  will  be  relied  upon  more  often  to 
perform  cursory  computations  on  which  system  designs  can  be  based.  Unfortunately  today  this  is 
only  true  in  cases  where  the  EMI  threat  is  sufficient  to  warrant  a  detailed  modeling  effort 

The  IEMCAP  code  provides  substantial  computational  capability,  but  requires  a 
considerable  investment  of  time  to  achieve  the  necessary  familiarity  with  the  code  to  avoid 
excessively  conservative  or  pessimistic  coupling  and  interference  predictions.  This  code  would 
be  of  considerably  greater  value  to  the  system  EMC  design  effort  if  it  were  modernized  to 
include  unproved  coupling  analysis  and  approximating  techniques.  The  IEMCAP  code  would 
also  profit  from  the  land  of  interface  improvements  such  as  modeling  graphics  and  a 
WINDOWS  interface  that  have  been  developed  for  some  of  the  other  EM  analysis  codes. 
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A  Hybrid  Approach  for  Computing  the  EM  Scattering 
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Abstract— The  electromagnetic  (EM)  scattering  from  complex  terminations  within  open- 
ended  cavities,  such  as  engine  terminations  inside  jet  inlets,  is  computed  using  *  hybrid  combi¬ 
nation  of  high  frequency  asymptotic  and  numerical  methods.  High  frequency  methods  are  used 
to  find  the  coupling  into  the  cavity  via  the  open  end  and  the  propagation  down  the  smo  Ahly 
varying  duct,  and  numerical  methods  are  used  to  find  the  reflection  from  the  comp 
nation.  The  duct  and  the  termination  sections  are  decoupled  at  a  cross-section  Sf 
termination  using  a  discrete  plane  wave  expansion  (PWE),  so  that  the  analyses  of  the  two  sec¬ 
tion*  may  be  performed  separately.  The  external  field  scattered  by  the  termination  is  found  using 
a  reciprocity  integral  over  the  incident  and  reflected  fields  at  St.  N  jmerical  results  are  presented 
which  demonstrate  the  accuracy  of  this  approach  by  comparison  with  reference  solutions. 

1  Introduction 

The  EM  scattering  from  complex  terminations  within  electrically  large  open-ended  cavities  may 
contribute  very  significantly  to  the  radar  cross-section  (RCS)  of  the  body  containing  the  cavity. 
Typical  geometries  of  interest  are  the  complex  fan-blade  or  engine  face  terminations  of  aero¬ 
dynamic  inlet/exhaust  ducts  present  in  modern  jet  aircraft.  Generally,  these  geometries  are 
very  large  in  terms  of  wavelength  so  numerical  methods  are  not  suitable  for  doing  the  entire 
problem.  In  the  hybrid  approach  presented  here,  .he  geometry  is  bisected  at  a  cross-section  Sr 
near  the  termination  as  shown  in  Figure  1.  The  electrically  large  duct  section  is  smooth  and 
•lowly  varying  so  high  frequency  asymptotic  methods  may  be  used  to  find  the  coupling  of  the 
external  fields  into  the  duct  via  the  opt '  end.  and  the  propagation  down  the  duct  to  Sy-  Nu¬ 
merical  laetnods  may  then  used  to  find  the  reflection  from  the  more  detailed  but  smaller  engine 
termination  section.  The  scattered  field  in  the  external  region  due  to  the  engine  termination  is 
found  using  a  reciprocity  integral  over  the  fields  incident  at  St  reacted  with  the  fields  reflected 
by  the  termination  |l). 

The  main  advantage  of  this  approach  is  that  realistically  large  and  complex  rarities  may  be 
analysed  efficiently  by  combining  high  and  low  frequency  methods.  A  high  frequency  method 
alone  would  not  be  able  to  handle  the  complex  termination  with  accuracy,  and  a  numerical 
method  alone  could  not  efficiently  handle  the  entire  cavity  geometry  because  of  its  large  electrical 

Spoitioicd  b)  Gcueffal  Ckuric  Airciafl  Engine,  Evandalr,  OH,  McDoaaril  Douglas  Aerospace.  St.  Lvuis, 
MO,  and  the  Air  Forte  Wright  Laboratory  Target  Recogaitioa  TecFaoiogj  Branch,  Wright- Patterson  AFB,  OH. 
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Figure  1:  Geometry  of  an  open-ended  cavity  with  a  complex  termination  illuminated  externally 
by  a  dipole  source  p'. 


size.  Another  advantage  if  that  (he  duct  and  termination  sections  are  analyzed  separately, 
allowing  changes  to  be  made  to  one  of  the  sections  without  having  to  repeat  the  analysis  of  the 
other. 

The  high  frequency  asymptotic  methods  used  here  to  analyze  the  duct  section  are  the  hy¬ 
brid  asymptotic  modal  method  (2],  the  shooting  and  bouncing  ray  (SBR)  method  [3j,  and  the 
generalised  ray  expansion  (GRE)  method  (4).  The  hybrid  modal  method  uses  high  frequency 
asymptotic  methods  to  find  the  coupling  of  the  externally  incident  fields  into  the  waveguide 
modes  of  the  duct  at  the  open  end,  which  then  propagate  to  St.  It  is  very  accurate  for  large 
ducts,  but  is  limited  to  canonical  waveguide  configurations  so  it  is  used  mainly  as  a  reference 
solution.  The  SBR  and  GRE  methods  launch  and  track  geometrical  optics  (GO)  ray  tubes  into 
the  duct  from  the  open  end.  They  are  not  as  accurate  as  the  hybrid  modal  method,  but  can 
be  applied  to  much  more  arbitrarily  shaped  cavities.  The  only  difference  between  the  SBR  and 
GRE  methods  is  in  the  way  the  ray  tubes  are  initially  launched.  SBR  only  tracks  the  GO  field 
in  the  cavity,  while  the  GRE  method  includes  fields  diffracted  into  the  cavity  by  the  aperture 
at  the  open  end. 

To  couple  the  solutions  for  the  two  separate  regions,  the  fields  at  St  are  expanded  into  an 
orthogonal  plane  wave  basis  se(  (5|.  Flane  waves  are  chosen  over  waveguide  modes  because  they 
may  be  used  with  arbitrarily  shaped  duct  cross-sections  (although  most  ducts  of  interest  are 
circular  near  the  engine  face),  but  more  importantly  they  allow  the  termination  section  to  be 
characterized  by  a  plane  wave  scattering  matrix  which  is  obtained  using  a  conventional  plane 
wave  scattering  analysis  of  the  isolated  termination  section.  The  method  of  moments  is  used  in 
the  results  presented  here  to  obtain  the  termination  scattering  matrix. 

The  duct  analysis  methods  and  the  method  of  moments  solution  for  the  termination  section 
will  not  be  described  in  any  more  detail  here.  The  theory  section  will  focus  on  the  reciprocity 
integral  and  the  discrete  plane  wave  expansion  of  the  fields  at  5/ .  The  associated  plane  wave 
scattering  matrix  which  characterizes  the  termination  will  also  be  discussed.  An  e*"'  time 
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convention  is  assumed  and  suppressed  throughout  the  following.  Z0  is  the  free  space  impedance 
and  k  =  2n/A  is  the  free  space  wave  number. 


2  Theory 

In  this  section  the  reciprocity  integral  is  presented  first,  followed  by  the  discrete  plane  wave 
expansion  (PWE)  of  the  fields  over  Sy-  Then  the  termination  plane  wave  scattering  matrix  will 
be  expressed  in  terms  of  the  bistatic  scattering  pattern  of  the  isolated  termination  section. 


2.1  The  Generalized  Reciprocity  Integral 

Referring  again  to  Figure  1,  the  generalized  reciprocity  integral  [1]  for  obtaining  the  fields  at 
point  P  scattered  by  the  engine  termination  inside  a  cavity  illuminated  by  the  dipole  source  p1 
is  given  by 

E’(P)-pt  =  Js  (E‘  x  U)  -  El  x  S’)  ■  ids  (1) 

where  pt  is  a  test  dipole  source  located  at  P.  are  the  fields  excited  by  p,  which  arc 

incident  at  St  from  the  duct  section,  and  are  the  fields  at  Sr  scattered  by  the  ter¬ 

mination  excited  by  pl.  For  simplicity,  multiph  interactions  between  the  termination  and  the 
aperture  at  the  open  -nd  axe  ignored  when  using  this  equation  because  these  effects  are  generally 
insignificant  for  electrically  large  cavities. 


2.2  The  Discrete  Plane  Wave  Expansion 

The  incident  and  scattered  fields  at  Sy  are  expanded  into  a  discrete  set  of  —  z  and  4z  propagating 
plane  waves,  respectively.  The  plane  waves  are  orthogonal  over  a  square  cross-section  of  width 
2a  which  completely  encloses  the  cross-section  Sr  and  is  generally  chosen  to  be  as  small  as 
possible  for  efficiency.  This  expansion  is  only  valid  for  the  fields  in  the  plane  of  S7 .  The  ±z 
propagating  fields  at  Sy  may  be  expanded  as 


{**}  fe } 


with  the  plane  wares  categorized  into  TE  and  TM  polarizations  as 
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where  9„„r  i*  the  muxiraum  angle  the  propagation  vector  may  make  with  the  i-axis.  This 
truncates  the  expansion  to  include  propagating  plane  waves  with  no  evanescent  terms. 

In  a  spherical  coordinate  system  centered  at  S j  vith  z  oriented  as  in  Figure  1,  the  incident 
plane  waves  propagate  to  the  right  and  the  scattered  plane  waves  propagate  to  the  left  along 
radial  paths  defined  by  ±t„„.  The  polarisation  vectors  dmn  and  9m„  are  orthogonal  to  k,„„  .id 
are  defined  in  the  conventional  sense  by 

9„„  ~  X  COS  em„  cos  dmn  +  j  cos  9m„  sin  </>„„  -  i  sin  e,„„  (0) 

in.fl  =  -isin  ii„„  +  ycos  <f,„„  (7) 

where 

=  cos-'(*t/fc)  :  0  <  ffmn  <  0„,«  (8) 

<bm„  =  tan :  -w  <  <  r.  (9) 

The  plane  waves  are  ajsumed  to  exist  in  free  space  so  the  expansion  of  (2)  is  approximate 
because  it  can  not  perfectly  account  for  the  truncation  of  the  fields  al  the  duct  walls.  However, 
the  approximation  is  very  accurate  for  electrically  large  cross- sections  as  will  be  seen  in  the 
numerical  results. 


2.3  The  Termination  Plane  Wave  Scattering  Matrix 

The  plane  wave  scattering  matrix  which  characterises  .hr  termination  section  is  obtained  ap¬ 
proximately  by  finding  the  bistatic  scattered  field  pattern  when  the  isolated  termination  section 
is  illuminated  by  each  of  the  i  icident  plane  waves  in  turn.  It  may  he  shown  that  the  element 
of  this  matrix  which  relates  thi  coefficient  of  the  mn'h  reflected  plane  wave  to  the  coefficient  of 
the  pqr"1  incident  plane  wave  is  given  by  (5] 


>2 


'  •^7(0mny  $i«n) 


(10) 


where  is  the  scattered  field  in  the  direction  of  the  inn,h  reflected  plane  wave  (  Vz 

propagating)  due  to  illumination  by  the  pq,h  incident  plane  w*”e  (— £  propagating).  0mn  is  the 
polarisation  of  the  mnth  reflected  plane  wave,  and  is  equal  to  <£mn  or  if  the  mn,fl  (reflected) 
plane  wave  is  TE  or  TM  polarized,  respectively. 

In  the  numerical  results  presented  here,  the  scattering  matrix  is  obtained  using  CICERO 
which  is  a  method  of  moments  code  developed  at  McDonnell  Douglas  Research  Laboratories, 
St.  Louis,  MO,  for  body-of-revolution  (BOR)  geometries  (6). 


3  Results  and  Conclusions 

The  results  are  in  the  form  of  co- polarized  monostatic  RCS  vs.  aspect  angle  for  both  vertically  (<fr- 
end  horizontally  (0-0)  polarized  plane  wave  illuminations.  For  this  case,  p'  and  pt  are  located 
at  the  same  point  and  have  the  same  orientation.  The  units  of  RCS  ire  in  decibels  relative  to 
a  square  wavel  igth  (DBSW),  and  the  dimensions  of  the  geometries  are  in  wavelengths.  The 
cavities  are  all  perfectly  conducting. 
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Figure  2  shows  the  RCS  patterns  of  a  long  cylindrical  cavity  with  a  flat  termination.  The  45A 
duct  section  is  mnalyaed  using  the  hybrid  modal  method,  and  the  plane  wave  scattering  matrix 
for  the  8A  termination  section  is  also  found  using  the  hybrid  modal  method  for  this  simple 
termination.  The  results  are  compared  with  the  hybrid  modal  solution  for  the  entire  geometry. 
The  small  differences  in  the  solutions  are  due  entirely  to  the  approximations  associated  with  the 
truncated  PWE. 

Figure  3  shows  the  RCS  patterns  of  a  smaller  cylindrical  cavity  with  a  hemispherical  hub 
on  a  flat  termination.  The  duct  section  is  analysed  using  the  hybrid  modal  method  and  the 
termination  matrix  is  found  using  the  method  of  moments  (MM).  The  results  are  compared 
•with  a  MM  solution  for  the  entire  geometry.  The  differences  are  due  mainly  due  to  t.nwanled 
external  scattering  effects  which  are  present  in  the  MM  solutions. 

Figure  4  shows  the  RCS  patterns  of  a  cylindrical  cavity  with  a  hemispherical  hub  termination 
found  using  the  hybrid  modal,  GRE,  and  SBR  methods  for  the  duct  section  and  the  method  of 
moments  for  the  termination.  The  GRE  results  are  expected  to  agree  better  with  the  hybrid 
modal  solution  because  the  GRE  method  iududes  the  effects  of  fields  diffracted  into  the  cavity 
by  the  aperture  at  the  open  end,  whereas  the  SBR  method  only  includes  the  geometrical  optics 
field. 
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Figure  2:  RCS  patterns  of  a  cylindrical  cavity  with  a  fiat  termination  found  ruing  the  hybrid 
modal  method  for  both  the  duct  and  termination  sections  (MOD  +  MOD),  and  compared  with 
a  modal  reference  solution  (MOD).  Dimension*  are  in  wavelengths. 
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Figure  3:  RCS  patterns  of  a  cylindrical  c r*  ity  with  a  hemispherical  hub  termination  found  using 
the  hybrid  modal  method  for  the  duct  se  jcn  and  the  moment  method  for'  the  tei  urination  sec¬ 
tion  (MOD  +  MM),  and  compared  with  oiurni  method  reference  solution  (MM).  Dimensions 
are  in  wavelengths. 
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Abstract 

CAVERN  (Cavity  Electromagnetic  Analysis)  is  a  computer  cods  davalopad  at  McDonnell  Douglas,  used  to  analyze 
scattering  from  arbitrary  inlat  shapes  which  can  include  effects  of  an  engine  face.  It  incorporates  standard  ray  optic 
approaches,  the  generalized  ray  expansion,  and  modal  solutions  Upgrades  to  the  engine  faoe  modeling  capability 
are  underway. 

Standard  approaches  to  predicting  scattering  from  electrically  large  cavities  oonslst  of  tracing  ray  bundles  in  and  out 
of  a  cavity  while  keeping  traok  of  trajectory  and  polarization  of  the  electric  field  vector  [1],  The  calculations  in  CAV¬ 
ERN  use  a  parametric  bi  -cubic  (PBC)  ray  trace.  Ray  patch  information,  including  the  divergence  factor  at  each 
bounce  is  oombined  with  a  geometrical  optics/aperture  integration  technique. 

Another  option  in  CAVERN  for  the  Initialization  of  the  ray  trace  is  tha  generalized  ray  expansion  [2].  At  the  aperture, 
the  incoming  plane  wave  is  converted  into  atarbursta,  and  all  the  rays  are  traced  only  once  for  all  the  excitation 
angles.  This  method  better  approximates  the  effects  of  the  edge#  of  tha  inlet  opening,  and  thus  provides  a  better 
solution  for  certain  cavities,  For  large  analysis  matrices  where  the  scattering  for  a  very  large  number  of  Incidence 
angles  is  nar^ad,  this  rrurthod  holds  much  promise. 

CAVERN  t  hs  ray/modai  analysis  to  calculate  radar  cross  sectlcn  (RCS).  Rays  are  initiated  in  the  aperture 

plana  and  Xi~  .namanesr  the  back  of  the  cavity  where  tha  geometrical  cross  section  becomes  uniform.  The 

ray  representation  of  the  electric  field  is  expanded  in  terms  of  the  known  modal  field.  An  application  of  the  reciprocity 
theorem  of  electromagnetics  requires  the  rays  to  ba  traced  to  the  back  of  the  cavity  forint  RCS  computation  [3]. 
Since  rays  do  not  have  to  be  traoed  back  out  of  the  cavity,  the  combined  ray/moda)  analyst  be  no  re  efficient  for 
long  ducts.  This  capability  in  CAVERN  will  work  for  ducts  up  to  40  wavelengths  in  diameter,  whic1  •  i~  the  equivalent  of 
a  fighter  sized  aircraft  at  X-band.  I  n  orrierto  speed  the  conversion  of  rays  to  modes,  a  Fast  Fourier  Bessel  Transform 
is  being  investigated. 

Upgrades  to  tln»  engine  face  termination  capability  of  CAVERN  are  being  pursued  through  cooperatives  with  Ohio 
State  University,  the  Univeisity  of  Michigan,  QE  Aircraft  Engine  Division,  and  the  Air  Force.  Some  of  the  approaches 
being  investigated  for  the  termination  are  physical  optca/physical  theory  of  diffraction,  coupled  with  a  plane  wave 
expansion  of  tha  ray  optic  field,  or  a  finite  element  analysis,  ooupled  with  a  modal  expansion  of  the  ray  optic  field. 

I.  Introduction 

Identification  of  scattering  mechanisms  associated  with  cavities  is  of  prime  importance  in  the  specification  of  RCS  far 
aircraft.  The  cavity  return  dominates  the  signature  for  certain  angular  sectors  of  interest.  CAVERN  can  be  used  to 
guide  designers  in  the  specification  of  inlets  and  nozzles. 

Figure  1  divides  tha  cavity  into  three  areas.  First,  initialization  ofthe  rays  is  necessary  in  the  aperture  plane.  Thiscan 
be  dona  with  either  the  Shooting  and  Bouncing  Ftays(SBR)  or  Generalized  nay  Expansion  (ORE)  approach.  Propa¬ 
gation  into  the  duct  proceeds  utooording  to  the  laws  of  geometric  optics.  Then,  the  termination  aperture  decomposi¬ 
tion  can  be  accomplished  with  either  modes  or  plane  waves.  Finally,  modes  or  plane  waves  are  reflected  from  the 
termination  obstacle  The  ray/moda  I  approach  used  in  conjunction  with  an  advanced  ray  traoe  for  curved  parametric 
surf  see*  is  unique  to  CAVERN,  and  the  Fast  Fourier  Desr.el  Transform  (FFBT)  approach  applied  to  this  problem  is 
also  novel,  so  these  techniques  will  be  covered  In  more  detail. 
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The  purpose  c /  this  paper  is  to  provide  an  overview  of  the  capabilities  available  in  CAVERN  and  to  detail  the  treat¬ 
ment  of  the  hybrid  rey/modai  methods.  Recent  advances  in  computation  times  for  the  modal  algorithms  have  been 
made  possible  with  the  FFBT.  Section  II  outlines  the  initialization  of  rays  with  SBR  and  GRE.  The  next  two  sections 
provide  toe  required  calculations  for  the  use  of  the  reciprocity  integral  with  ray  tracing  and  model  decomposition,  and 
modification*  necessary  to  use  the  FFBT 

IL  inWeUa  ifctn  of  Rays  with  SBR  and  GRE 

For  SBR,  rays  are  traoked  with  attention  paid  to  phase  changes  due  to  path  length,  divergence  and  caustics.  Aper¬ 
ture  integration  m  performed  at  the  exit  to  calculate  RC$.  Fresnel  reflections  are  taken  Into  account  for  both  metal 
and  treated  surfaces  in  this  case,  as  shown  In  Figure  2,  rays  are  traoked  Into  arid  out  of  toe  cavity  one  at  a  time  end 
the  RCS  \m  summed  over  all  rays.  Then  the  cavity  is  illuminated  at  another  incidence  angle,  and  tne  ray  trace 
information  must  be  recalculated.  With  the  GRE,  ray  tubes  are  initiated  for  each  subaporture.  Rays  are  sent  out  at 
the  center  of  eech  subepet re  in  the  manner  shown.  Rays  are  tracked  into  and  out  of  the  cavity  and  the  information 
•  stored.  For  each  angle,  the  expansion  coefficient*  are  calculated,  and  summed  overall  ray  tubes  to  calculate  RCS. 

Generalised  Ray  Expeneion 
(For  Larger  L/D  Ratio#) 


Standard  Ray  Tracing 


Figure  2.  Incorporation  of  Generalised  Ray  Expansion  With  Aperture  Integration 

The  consequence*  ul  avOuiavy  for  ducisars  seen  In  Figura  2  vvftsrs  toe  exact  medal  solution  ic  compared  with 

GRE  and  SBR  solutions.  For  SBR,  the  solution  is  vsry  choppy  snd  oscillates  about  toe  true  solution,  with  deviations 
in  RCSaslatgsas  10dB.  The  ray  solution  tend*  to  discretize  the  electric  field  within  toe  cavity,  Instead  of  at!  mg  a 
smooth  distnbution  and  this  discretization  leads  to  these  oscillations.  One  of  the  major  causes  of  the  dU  >zed 
nature  of  the  ray  traced  electric  field  is  the  fact  tost  the  incident  radiation  just  inside  the  aperture  is  model  as  a 
plane  wave,  thus  Ignoring  the  effect  of  the  edges  at  tbo  aperture  opening.  Any  diffraction  effects  are  not  included  In 
toe  calculation  and  forsmaii  apertuies,  this  can  be  significant.  By  rending  rays  out  in  starburst  fashion,  some  effects 
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from  the  waifs  resulting  In  a  n  on-planar  wavefront  can  be  model  ad.  Hava  emanate  from  the  phase  center  of  each 
subapetture  correctly  weighted  with  the  far  field  amplitude  and  phase.  For  large  cavity  openings,  the  inaccuracies 
present  for  S6H  near  the  aperture  will  be  lees  prevalent.  However,  for  treated  cavitiee,  where  tire  scattering  may  be 
decreased,  H  may  beoome  more  important  to  include  diffraction  effects.  It  has  also  bean  found  that  the  ratio  of  lire 
length  (L)  to  the  diameter  (0)  of  the  cavity  is  important  in  aasaeslngtha  accuracy  of  the  different  techniques.  Figure  4 
shows  this  effect.  The  SBR  solution  »  actually  performing  quits  well  for  this  case  where  the  opening  of  the  cavity  is 
six  wavs  lengths  In  d  iamator  and  the  LA)  ratio  is  1 .  Fortha  L/D  ratio  of  2  lo  t  the  SBR  solution  is  exhibiting  a  narrower 
peak  than  the  exeat  solution.  For  larger  L/D  ratios,  the  problem  re  even  more  apparent. 


V-Pol  H’Roi 


Figure  3.  Comparison  of  Modal,  ORE  and  SBR  Methods  for  a  Small  Rectangular  Duct  at  5.9  Q'iz 
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Figure  4.  ORE  Calculation  for  ■  6 A.  Diameter  Cylinder,  Vertical  Polarization 
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Flgum  5  shows  tha  results  (or  a  1m  diameter  by  3  m  length  osvrtyal  10  GHz.  This  is  a  diamatar  o!  almost  35  wave¬ 
lengths.  For  an  opening  this  large,  tha  agreement  of  purs  SBR  with  the  exact  modal  solution  is  improved  as  shown. 
However,  run  times  possible  with  GRE  are  fastarthan  with  SBR.  For  this  case,  a  SO  degree  sweep  in  azimuth  takas 
approximately  6  hours  for  S8R  on  an  SCJ4D3E  venue  0.66  hours  tor  V  aubepertursa  with  GRE  or  1 .66  hours  for  25 
subaperturse,  which  is  almost  tour  times  fastarthan  the  SBR  Approximately  10  rays  per  wavelength  .ueedin 
this  SBR  rnn.  For  26  subaperturaa,  tha  GRE  solution  is  in  vary  good  agreement  with  tha  SBR  eelutk 

•  10  GHz 


Open  >0- Elevation  uhon 


Figure  5.  Circular  Waveguide  RCS  Comparisons 


III.  Reciprocity  integral  with  Ray  Tracing  und  Modal  Decompoeition 

The  urtiqueneea  of  CAVERN  b  found  ki  it*  combination  of  the  my  and  modal  solutions  and  tie  calculation  of  RCS 
with  this  combination  in  conjunction  with  the  reaction  integral  based  on  the  reciprocity  theorem.  Hays  are  traced  to  a 
uniformly  circular  section  of  the  waveguide,  and  equivalent  modea  are  found.  The  termination  reflection  coefficients 
matrix  oen  be  found  with  finite  element  methods  under  development  [4],  Here,  we  will  focus  on  tie  modal  decom¬ 
position.  Note  that  in  the  my/modal  reciprocity  integral,  the  rays  do  not  have  to  be  traced  back  out  of  the  cavity  This 
oen  make  the  method  more  efficient  for  long  thin  ducts,  Plane  wave  dooompoaitiori  and  physical  optioa/phyelcal 
theory  of  diffraction  (PO/PTD)  termination  matrices  art  being  pursued  cooperatively  with  Ohio  State  University  [51- 

Figure  6  shows  the  geometry  definitions  necessary  for  an  application  of  the  reciprocity  theorem  [3].  Tf»* -i  theorem 
leads  to  tlw  reaction  integral; 

#E*(P) 


Figure  6.  Geometry  of  the  Inlet  Scattering  Problem 


UfHWM4  V 


Efs(p)*dp#l- JJs  |ERxLb*h"  -Xbq.q  *  HRJ-nds 

where  Es  (p)  is  the  backacaHerod  field  at  point  p  duo  to  fields  Incident  from  dipole  dpBj, 

Eft,  Hp  are  the  incident  fields  at  Sj  (found  using  ray  tracing), 
bq  are  the  model  coefficients  for  tha  fields  reflected  from  the  termination, 
with  q  =  nm,  where  n  is  the  order  of  the  bessel  function  and  m  is  the  root  index 
and  8q  ,  h“  are  the  modal  basis  functions  for  the  uniform  section  of  tlie  cavity. 

(1) 

We  express  the  ray  traced  fields  as  a  sum  of  waveguido  modes  near  tha  termination  apoiture  as  ff  >IIowk.  Intling 


(2) 


where  +  refers  to  modes  propagating  in  the  +y  direction  and  -  refers  to  modes  propagating  in  the  -y  direction,  and 


h 


q 


[raq.  *  y  ®qy]e 

libqt  +  ^hqy|H  +  i,i,l(y-y,) 


(3) 


256 


Here,  pq  Is  the  propagation  constant  for  the  qth  mode  and  t  refers  to  the  transverse  modes  (in  the  x,  z  plana).  Using 
the  ortho  norm*  I  properties  of  the  modes,  the  Integral  in  equation  1  reduces  to 


E*(p)*dp#t»2S^bq 

Application  of  the  waveguide  excitation  integral  given  In  [6]  yields: 


(4) 


•5  ■  1  H  11  ■*^-hq.S)*  (*„»>) 

(expanding,  this  beoomes 


(5) 


where  ASa  Is  the  ansa  of  the  Ath  rsy  tube  in  the  plane  of  C,  The  V  end  H  represent  vertical  and  horizontal 
polarizations. 


Both  TM  and  IF.  modes  are  given  In  (6).  We  assume  that  the  ray  trace<  I  fields  are  constant  across  a  ray  tube  end  then 
sum  over  all  ray  tubes.  However,  this  can  be  very  time  conauming.  For  Figure  5,  il  took  epproximeiuly  an  Ik>ui  an 
angle  on  an  SG4D35  for  the  ray/moda!  calculations  in  CAVERN .  The  major  reason  Is  that  tha  Bessel  function  has  to 
be  recalculated  for  er  oh  ray/moda  pair.  For  cavitias  with  thousand*  of  rays  and  hundreds  of  excited  modes,  tills  can 
be  cumbersome.  When  the  Basse  I  functions  are  precaloulated  and  accessed  with  u  table  look  up,  the  run  time  can 
decrease  by  a  factor  of  five.  Furthermore,  If  we  convert  the  ray  traced  field  across  the  face  of  tire  aperture  to  an 
appropriately  spaced  grid,  then  we  can  take  advantage  of  FFBT  techniques  discus  ied  In  Section  IV.  The  gridding 
approach  Is  outlined  in  (7]. 


IV.  Modal  Decomposition  with  the  FFBT 


Hare  we  note  that  equation  6  is  *  sum  of  term*<  which  are  always  of  the  form 


where 


2n  a 

■q*J  f  ,i'."]9nIPqi/«|y((l) 
O  o  '  ' 

9n  M  =  Jn  (*)  °<  J,‘,  M 

and 

g  (0)  =  r.  -80  or  sinO 


!cos  n(l| 
sin  n  0  J 


i  dr  do 


(7) 


The  derivative  of  the  Bessel  function  J„(x)  can  be  written  as  a  sum  of  Bessel  functions  >r(x)  so  tlmt  thu  rintugialiun 
can  be  written  as  linear  combinations  of 


F(fl)“pg  (p,»)  -  2n:p  Jr»  (r.u)  Jn(2rcpr)dr 

O 

where  p  k  /  ?r  a 


(») 
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Than  8te  integral  in  aquation  7  bcocmee 


vrfwch  In  turn  can  b«  writlan  an  knaar  oombinatiQn*  of 


<®> 


G(9)a*p'6de 


°  (10) 

A^ptying  the  FrBT  to  the  integral  of  aquation  8,  we  eritofoy  the  technique  of  |8]  where  a  Ganfnar  transform  with 
r»  r.^andq  «  g„e*  iaiaxtd.  Ham  x and y an lha dummy  trartaforniad variables.  Tha  paramatara rw  e0 and  a 
dopaod  on  tha  size  of  th  >  inlet  and  Ihe  frequency  of  lha  incident  radiation. 

An  ^■onantoigiyjiauaadfoMharaAaloomponaot.  ThamathodmlBltranaiataathaproblamtothtaaaimqiaPFTa. 
Tha.hatao  labial  can  bapariormad  aa  a  atnaghtforamid  numaheahntaqmtionorwith  additional  FFT*.  Comparing 
results  to  lha  previous  non-FFBT  n^odai r aton,  lha  RCS  pint  ia  virtually  tdantical,  although  than  haa  baan  mom 
thananordaro.magnitudatMptovainaniinnjntimofDrthaoaaaofFiguro5.  Performing  the  thstm  integral  list  with  sn 
FFT  pnwidaa  att  tha  modal  information  for  n  at  onco,  and  may  ba  a  mora  efferent  way  to  evaluate  tha  integral  of 
aquation  7.  Thia  moAiication  m  bang  pur.  I. 

V.  Summary  Glee*  ration 

In  CAVERN,  ara  hava  .  ~fuda„  'voo.  w  for  tha  S8H  and  GRE  my  mbalgabon,  aa  wall  aa  Upturn*  for  modal  decom- 
powtiuri  Vriuitoeueecf  tha  FFHTr(unlifnaa  for  tha  my/modal  approach  ora  va>yootrpaliliwa  with  conventional  SBR. 
Comt ining  tha  mom  aooumla  irvjdal  decornpoairion  mathoda  With  the  tarmination  matrix  redaction  coaffkianta  oaF 
culatad  from  finite  aiamant  or  FO/PT  0  mathoda  ahould  improve  on  tha  aoourecy  of  RCS  maulta  for  cavitiaa  with 
complex  laminations. 
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Abstract 

An  iterative  method  is  developed  for  computing  the  scattered  electric  fields  at  the 
apertures  of  large  perfectly  conducting  ca'  ioes.  The  technique  uses  KirckbofTs  approximation 
to  initiate  a  two  serge  iterative  process,  involving  both  the  magnetic  field  integral  equation 
(MFIE)  and  the  electric  field  mlegral  equation  (EFtt),  to  calculate  the  electnc  currents  on  the 
internal  cavity  walls  and  the  electric  fields  across  the  aperture  of  the  cavity.  The  technique 
combines  the  flexibility  of  the  boundary- integral  method  with  the  speed  necessary  to  efficiently 
analyze  large  icale  cavity  prooiema.  The  following  paper  presents  the  general  theory,  and 
applies  the  technique  to  the  problem  of  TE  scattering  from  2-danensicma]  perfectly  conducting 
cavities. 

1.  latro4actko 

The  problem  of  denroraagnetic  tcancring  from  large  open-ended  cavities  (see  figure  1) 
has  received  much  attention  in  reaearch  areas  such  as  automatic  target  recognition  and  low- 
observabie  vehicle  design  The  cavity  problem  pretests  many  interesting  challenges  from  the 
standpomt  of  computational  electromagnetics  The  cavay's  luge  electncal  size  makes  it  s  prime 
randidsar  fur  ray  based  or  asymptotic  trcluaqurt.  while  the  cavity’s  geometrical  complexities 
require  more  exact  techniques  such  as  the  method  of  moments  or  the  boundary  integral 
approach.  As  a  result  of  these  diverse  requirements,  many  hybrid  techniques  have  been 
developed,  in  an  effort  to  meet  these  cotnputarioaal  challenge*  Techniques,  such  as  shooting 
and  bouncing  rays  (SBR)  [1]  and  the  generalized  ray  expansion  (GRE)  |2],  were  created  in  an 
effort  to  enhance  asymptotic  bared  methods  in  order  to  urlyze  the  complex  geometries 
associated  with  the  cavity  problem  Likewise,  approaches  such  as  the  hybrid  boundary 
inwgrsl/rssda!  method  {3}  were  developed  in  hopes  of  increasing  the  electrical  size  limitations 
of  moment  method  breed  techniques  While  both  of  these  approaches  to  the  cavity  problem 
show  promise  m  the  small  to  mid -size  cavity  range,  tfceir  ability  to  effectively  analyse  large  scale 
cavity  problems  is  trill  a  matter  of  debate,  and  the  coed  for  r*w  approaches  is  evident 
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The  cavity  problem,  such  as  the  electromagnetic  scattering  from  a  jet  engine,  may  be 
visualized  as  consisting  of  three  unique  phenomenon:  l)  an  aperture  field  is  caablithrd  from  die 
external  region  sources;  2)  the  electric  and  magnetic  fields  propagate  down  the  cavity,  'guided' 
by  the  cavity  walls;  3)  a  reflection  occurs  si  the  termination  After  reflection,  the  fields 
propagate  back  .  wards  the  aperture  where  they  may  be  btegrased  to  give  the  scanned  field  (i. 
e.,  the  RCS).  The  purpose  of  this  paper  is  to  propose  an  e<ficiem  and  accurate  way  of 
propagating  the  field  from  the  aperture  to  the  termination  (i.e..  item  2  above)  and  beck  to  the 
aperture  In  the  examples  that  follow,  the  cemunauoc  will  be  qpproximused  as  a  short  circuit. 
Inenac  .»1  engine,  the  rnminnion  it  very  rrrapir*  swd  must  ha  accounted  fnr  Wy  other  methods 
such  as  the  Anise  element  method,  in  this  papa  we  bypass  the  termination  problem  by 
employing  the  simplest  of  all ;  ocsMe  terminations,  the  short  circuit,  since  our  objective  here 
is  to  focus  on  the  duct  propagation  problem. 


2.  iintaiitisgr 

The  taro  stage  iterative  process  developed  in  this  paper  ts  an  emtioa  of  previous  work 
1 4-8]  performed  ao  ilefitivc  sokmoot  to  the  MFIE  with  regards  to  the  external  scanning 
problem  In  their  previous  wort  [6]  Kaye,  Muitfa)  tad  Thiele  showed  that  iterative  aofcttious 
to  the  MFIE  (Eq  1)  would  always  yield  coovergtece,  provided  the  PEC  scattering  body  of 
nacres  ransfird  the  foUowistg  three  comtraims: 

1)  the  body  of  macros!  can  be  expressed  as  a  simple  cloned  surface. 

2)  the  body  is  configured  such  that  no  internal  resonances  are  present, 

3)  the  body  can  be  divided  mac  at  leas  two  self  fonaisrnt.  magnetically  coupled, 
suiriuriaccs. 

Thus,  tensive  sohitiont  to  the  MFIE  are  Incited  to  a  clast  of  problems  meeting  these 
cocatraims.  sod  it  it  nectasary  to  pose  the  scattering  problem  appropriately .  Once  the  scattering 
problem  has  been  properly  posed  knowledge  of  the  modem  field  on  ooe  of  the  two  seif 
rootmrm  nib-mrficej  is  suiTkdem  to  inaiatr  the  iteration  procedure. 
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Formulation  of  the  Canty  Scattering  Problem 

The  arbitrary  cavity  geometry  (figure  2a)  may  be  transformed  into  a  simple  closed 
surface  by  sealing  the  aperture  of  the  cavity  with  a  perfectly  conducting  flat  plate  and  an 
impressed  magnetic  current  equivalent  to  the  total  elect:  -  Geld  at  the  aperture  of  the  cavity 
(figure  2b)  [9].  The  resulting  simply  closed  surface,  obtained  from  the  sealed  cavity  geometry, 
may  now  be  used  to  pose  the  MFEE  describing  the  internal  cavity  scattering  problem  (Eq.  1) 

H„ul (r)  J(r')  xVG(z,z')ds'  (1) 

4H  J  * 

-■2—4  M(r')  G(z  ■')  ds'  -  -J—V  ?•<£  «(r ')  G(.z,z')ds‘ 

4*  J  t  if 

where  J-AxHcoca1 

and  xfl-r„aJKfl  along  the  closed  cavity  surface  S-S  +Sj. 

Replacing  the  sealed  cavity  walla  by  their  equivalent  electric  and  magnetic  currents  and 
enforcing  the  electric  field  boundary  condition  along  the  perfectly  conducting  walls  of  the  cavity 
(figure  2c)  allows  Eq.  1  to  be  rewritten  as: 

—  f  J(r '}  * V'Gir, Jr')  ds'  (2) 

f  M(r')  Gli :.i')ds'  -  —i—V  V-  f  M(r')  G(r,r')  ds‘  . 

41<  4sU|l  J  a. 

Applying  image  theory  to  the  aperture  wall  of  the  cavity  (figure  2d)  allows  Eq.  2  to  be  further 
simplified  to  its  final  working  form  (Eq.  3). 

w-oc«j<r)  *  -f-  f  J(r')  «C(r,r'l  ds1  (3) 

4HJij 

f  2pr')  G{z.z')ds' - i-7  V-f  2  M{r')  G(r .  z1)  ds’ 

4S  J.,  41tWU 

Eq.  3  completely  describes  the  cavity  scattering  problem  with  the  e*r'~otioo  of  the  knowledge 
of  the  scattered  electric  field  at  the  aperture  of  the  cavity.  However, <  >  t.  Id  may  be  calculated 
directly  from  the  currents  on  the  cavity  walls  by  using  the  EFIE  (Eq.4). 

S,c.t(z) -~j J(r')  GU,r')  ds'*V  f  V-JU')  GU,  z')  ds'l  (4) 

Eq  3.  and  Eq.  4,  along  with  the  knowledge  of  the  incident  electric  field  at  the  aperture  of  the 
cavity,  now  provide  ■  complete  description  of  the  cavity  scattering  problem  and  satisfies  the 
constraints  necessary  to  produce  an  iterative  solution. 
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3b.  The  Iteration  Procedure 

The  iteration  process  is  initiated  by  assuming  that  the  total  electric  field  at  the  aperture 
is  equal  to  the  electric  field  incident  upon  the  aperture.  Substituting  this  approximation  into  Eq. 
5  provides  the  initial  magnetic  field  along  the  cavity  walla,  S,.  The  initial  magnetic  field  along 
S?  is  then  substituted  into  Eq.  6  to  Obtain  the  scattered  electric  field  at  the  aperture  of  the  cavity, 
S,.  Next,  the  scattered  electric  field  is  added  to  the  incident  electric  field  to  obtain  an  updated 
version  of  the  total  electric  field  along  Si.  The  updated  version  of  the  total  electric  field  is  then 
substituted  back  into  Eq.  5  and  the  above  process  is  repeated  to  produce  a  further  updated 
version  of  total  electric  field  along  S, .  This  process  is  repeated  until  the  mean  square  difference 
in  the  field  quantities  between  each  iteration  reaches  an  acceptable  level.  The  iteration  procedure 
is  found  to  converge  quite  rapidly  (10  to  20  iterations)  for  the  cavities  tested.  Furthermore, 
since  the  iterative  procedure  consists  solely  of  vector  inner  products,  the  iterative  solution 
process  is  directly  applicable  to  high  speed  vector  processing  computer  systems. 


3c.  Computer  Implementation 

Eq.  3  and  Eq.  4  may  be  implemented  numerically  on  a  digital  computer  by  approximating 
t  -  integral  operators  by  matrix  operators  Using  a  pulse-basis,  point-matching  approximation 
technique,  Eq.  3  and  Eq.  4  may  be  approximated  by  the  following  matrix  equations: 


(5) 


(6) 


(7) 


where  the  mitrictj  U.  V  and  W  represent  the  corresponding  integral  operators  and  the  lengths 
of  the  vectors  E  ■  and  depend  on  the  electrical  size  of  the  surfaces  S,  and  S,  respectively. 
None  of  these  matrices  are  inverted  since  Eqs.  (5)  and  (S)  are  solved  by  iteration. 


Due  to  the  basis  functions  selected,  the  elements  of  each  matrix  may  be  calculated  in 
closed  form.  For  the  2-drmeu(ionil  TE  case,  the  matrix  elrtrems  are  as  follows,  a  similar  set 
of  equations  may  be  devclc  1  for  the  TM  case. 


u.  (fir) 


4 

-fi±n 

2q 


’  (P-r) 


(8) 

(9) 
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f 

I 


t 


-PnA„ 


Xx„hJ3'  (pr)  +Hi3)  Wr){-^L'-?£]  --1 


-Ny„nJ3'  (Pr) 


2(x^--xJ  (y„-y„) 


where  A„  is  the  length  of  the  nth  facet 


(10) 


zm.n"  y(jr„-^„)5+t y„-yn)S 

and  Nxn ,  Nyn  axe  the  components  of  the  inward  pomtmr  normal  of  the  nth  facet. 


i 


(c)  Equivalent  Current  Model 


(d)  Image  Theory  Model 


Figure  2  Cavity  Models 
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4.  Results 

The  iterative  technique  was  used  to  calculate  the  scattered  electric  fields  at  the  apertures 
of  various  rectangular  cavities,  and  the  aperture  fields  were  integrated  to  produces  RCS 
predictions  for  the  cavities.  These  RCS  predictions  were  compared  with  those  produced  by  other 
techniques  (see  figures  3a  and  3b).  Since  the  external  scattering  from  the  cavities  were  not 
included  in  the  iterative  RCS  predictions,  the  predictions  obtained  were  expected  to  give  good 
agreement  in  only  those  regions  where  the  internal  scattering  problem  is  dominant,  these  regions 
being  'he  main  beam  and  the  first  few  side  lobes  of  the  aperture's  radiation  pattern.  As  can  be 
seen  from  figures  3a  and  3b,  the  RCS  levels  predicted  by  the  iterative  technique  are  in  very  good 
agreement  with  the  RCS  levels  predicted  by  other  methods. 

5.  Conclusions 

Based  upon  the  presented  accurate  performance  of  the  iterative  prediction  code,  the 
iterative  technique  shows  promise  as  a  tost  and  accurate  method  for  analyzing  the  RCS  behavior 
of  Urge  PEC  cavities.  However,  before  any  substantial  claims  can  be  made  regarding  the 
method,  the  technique  needs  to  be  implemented  on  various  -  massively  parallel  computers,  and 
the  resulting  RCS  predictions  need  to  be  compared  to  those  measured  from  actual  cavities  of 
interest. 
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Abstract 

The  hybrid  formulation  presented  here  builds  on  recent  advances  in  applying  the  Galeridn 
form  of  the  method  of  moments  (MM)  theory  to  arbitrary  3-D  objects.  The  formulation  is 
a  current-based  one.  The  optic-derived  current  Ansatx  in  the  present  hybrid  formulation  is 
physical  optics,  although  the  formulation  is  easily  generalizable  to  higher  order 
asymptotics  as  well.  The  numerical  algorithm  implementing  this  formulation  is  based  on 
a  derivative  of  the  CARLOS-3D  ™  code  developed  at  McDonnell  Douglas  .  This  code  is 
based  on  the  MM  technique  using  flat  triangularly  facetized  surfaces.  The  Galeridn 
expansion  uses  Rao-Wilton-Glisson  roof-top  functions.  For  maximum  generality  all  the 
principal  features  of  the  original  CARLOS-3D ™  code  are  retained  in  this  hybrid 
formulation.  Thus  objects  with  perfect  electrically  conducting  or  partially  penetrable 
surfaces  can  be  treated  with  this  formulation.  In  addition,  special  cases  such  as  the 
Leontovich  condition  and  electrically  resistive  or  magnetically  conducting  boundary 
conditions  are  also  addressed.  The  formulation  is  demonstrated  for  electrically  large  as 
well  as  small  scattering  objects.  The  latter  farm  the  lower  limit  where  the  efficacy  of  the 
physical  optics  Ansatz  becomes  problematic. 

1.  Introduction 

Extensive  prior  investigations  have  been  carried  out  using  hybrid  methods  that  couple  the 
method  of  moments  (MM)  technique  with  the  optic-derived  methods  such  as  physical 
optics  (PO)  and  the  physical  theory  of  diffraction  (PTD).  The  bulk  of  these  investigations 
dealt  with  bodies  of  revolution  (BOR)  and  bodies  of  translation  (BOT).  This  restriction 
in  earlier  studies  was  primarily  due  to  the  limitation  of  the  geometries  that  could  be 
handled  by  the  then-existing  MM  based  computer  codes.  Since  there  were  many 
MM/BOR  and  MM/BOT  codes  available,  hybrid  methods  were  applied  to  these 
geometries.  The  investigations  in  Kefs.  (1),  (2),  (3)  and  (4)  are  representative.  From 
these  investigations  there  emerged  a  detailed  understanding  of  the  power  and  limitation 
of  hybrid  methods.  In  general,  it  was  shown  that  “current-based"  hybrid  formulati'  ns 
were  easier  to  implement  and  provided  more  robust  numerical  solutions  than  “Field- 
based"  methods.  A  detailed  discussion  of  the  relative  merits  of  the  current  based  versus 
the  field-based  hybrid  methods  is  given  in  Ref.  (5).  The  present  investigation  builds  on  an 
earlier  current-based  hybrid  formulation  for  arbitrary  3-D  perfectly  conducting  bodies. 
Ref.  (6)  This  formulation  generalizes  to  imperfectly  conducting  bodies  (or  coated 
surfaces)  with  application  of  the  Leontovich  impedance  boundary  condition  (1BC). 

2.  Basic  Concepts 

The  formulation  begins  with  the  Strallon-Chu  surface  integral  representation  of 
Maxwell’s  equations.  For  clarity  of  exposition  and  space  limitations,  we  confine  the 
theoretical  discussion  to  the  perfect  electrically  conducting  case  only.  However,  the 
formulation  can  be  extended  to  penetrable  cases  as  illustrated  in  the  numerical  results. 
Using  the  notation  in  Ref.  (6)  for  the  generic  geometry  depicted  in  Fig.  1 ,  the  integral 
equation  fo>  a  perfectly  conducting  body  written  in  the  usual  operator  form  is 

£'L=-f[>o=-z,J  (1) 

where  the  integro-differential  operator  L  is  given  as 

L/=;*nJ^+~rVV'.;jd>dj'  (2) 

s 

and  where  ihe  free  .pace  Green’s  function  is 
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with  R  being  the  distance  from  the  source  to  the  field  point,  •J  the  surface  gradient  on  the 

body  with  respect  to  the  unprimed  variables,  k  =  and  T]  =  a  scattering 

problem,  the  incident  electric  field  F  is  the  known  quantity  with  the  induced  current  J 
being  the  unknown.  Equation  (1)  is  termed  the  electric  field  integral  equation  (EFEE) 
fonm.lation.  Note  we  could  have  started  with  the  dual  magnetic  formulation,  given  by  the 
magnetic  field  integral  equation  (MFIE).  As  is  well  known,  the  RFIE  is  more  general 
since  it  applies  to  dosed  bodies  as  well  as  open  surfaces. 

Next,  we  partition  the  domain  of  the  integral  operator  into  two  regions,  namely  that 
spanning  the  MM  represented  region  and  that  associated  with  the  Ansatz  part.  Formally, 
this  can  be  stated  as: 

=  <4> 
where  the  current-  subscripted  with  UU  and  ro  are  associated  with  the  MM  and  the 
Ansatz  representations,  respectively.  The  MM  representation  is  used  on  that  part  of 
surfaces  of  a  body  for  which  no  optic -derived  asymptotic  forms  are  available.  These 
include  surface  and/or  material  discontinuities,  most  edges,  apertures,  and  generally  all 
penetrable  regions  of  a  body.  The  asymptotic  Ansatz  regions  cover  the  remainder  of  the 
body. 


The  partitioning  may  involve  more  than  two  regions  for  the  MM  and  Ansatz  parts.  For 
clarity  of  exposition,  we  assume  here  that  the  scatterer  is  partitioned  into  only  two 
regions.  Note  that  Fig.  1  has  been  shown  genetically  to  include  an  MM  piece  of  the 
geometry  embedded  in  the  illuminated  (Ansatz)  region.  Another  generalization  is  that  the 
partitioning  may  be  over  several  unconnected  surfaces.  Many  antenna  and  scattering 
problems  can  be  formulated  in  this  way.  Ref.  (8)  discusses  these  cases. 


Figure  1:  Generic  Partitioning  of  a  Body  for  Hybrid  Analysis. 

3.  Specialization  to  3-u  Geometries 

Next,  we  solve  the  partitioned  EFIE  using  the  Galerkin  MM  technique.  We  expand  the 
unknown  current  functional  in  terms  of  a  finite  set  of  basis  functions.  Since  in  the  present 
case  we  represent  the  3-D  body  as  a  triangularly-faceted  surface,  we  choose  the 
conventional  roof-top  'unctions  as  the  basis  set  for  the  expansion  of  the  unknown  currents 
and  the  testing  of  the  integral  equation  (see  Fig.  2).  (Ref.  8) 
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Expansion  of  MM  Currents:  Specifically,  the  currents  in  the  MM  region  SMtl 
expanded  as 

M ,+N, 

£/."*  7.(0 

mml 

where  the  roof-top  functions  f„  arc  given  by  (see  Fig.  2) 


7„Ws 


In  f- 


.r«* 


~[r~Vn) 

n>  ,?er; 

0  ,  otherwise 


mo 


(5) 


(6) 


and  triangles  T*  share  a  common  edge  with  length  /.  and  have  areas  A*,  respectively.  In 
Eq.  (5),  A/,  and  denote  the  number  of  interior  edges  and  junction  edges  spanning  SUM , 
respectively,  where  the  junction  edges  arc  included  in  order  enforce  current  continuity 
between  the  MM  and  PO  legions  on  the  body. 


Figure  2:  Faceted  3-D  Scanner  with  Details  of  Patch  Coordinates  Used  in  Roof-Top 
Surface  Current  Expansion  Functions. 
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Figure  3:  Detailed  Geometry  of  Unit  Normal  Vectors  on  Triangular  Facets 
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Note  p*  =  «*■  x  u‘  is  parallel  to  the  edge  with  pt  =-pl,  yielding  l™  =  /”.  Thus,  the 

PO  coefficient  for  the  k"  edge  can  be  obtained  from  either  side.  Using  the  foregoing 

expansions,  Eq.  (4)  is  transformed  into 

%  “** 1mm  =  «f '  (12) 

where  if'  is  the  Galerkin  (matrix)  operator  which  results  from  testing  the  unknown 
MM  currents.  An  element  of  the  matrix  is  given  by 

if (13) 

where  f?M  and  f*M  are  expansion  functions  on  the  MM  part  of  the  surf  ace.  Similarly, 

is  obtained  from  testing  the  known  Ansatz  PO  currents,  and  an  clement  is  given 
by 

xr~=(frArr))  a4> 

whi  re  and  ff°  are  expansion  functions  on  the  MM  and  PO  surfaces,  respectively. 

In  thi  result  the  left  side  of  Eq.  (12)  denotes  the  MM  system  matrix  multiplied  by  the 
unknown  currem  coefficient  (column)  vector  Im .  The  rigv  ide  denotes  tire  Galerkin* 
transformed  effective  illuminating  field,  i.e„  consisting  or  e  incident  electric  plane 
wave  F  and  the  near  field  contributions  from  the  Ansar-  gion.  Note  the  effective 
iMununating  field  is  no  longer  a  plane  wave.  Eurthern.  .  is  the  illumination  angle 
.  mud  die  body  shifts,  the  relative  contributions  of  these  two  field  components  also 
nts. 

E<  an  arbitrarily-shaped  I  D  lacetized  surface  as  noted  above,  the  Galerkin  (matrix) 
op<  raiors  bp  in  Eq.  ( 12)  can  be  derived  v;ith  its  elements  having  thr  ‘orm 

>=  1  jj*  JJtb'  {<pri/>Or)  l/(r')<t>(r-r') 

''  ''  (15) 

+  ^(,ll-)  V4(r  f'))T  •>,(»')[ 

where  Sj  -  l'i  ai'H  T /  art  ilu  iwo  triangular  f;tcci«:  (Figure  2)  which  form  the  ktfl 

«  dge.  Similarly.  =  l{  u  »/.  ‘hr  torn  of  the  roof-top  functions  /*  allows  one  to 
transfer  the  differentiation  from  the  (iif/ii1:,  fi«-  tion  F  to  the  te  lir  tion  f*.  The  St. 
Operator  tan  now  be  rc  vnttrniii  asymuKriru  lomi :» 


-SC*/(  )1=  /  JJ  M'  )  /;(  ) 


-~(v  un)\ 


■  (-■  ■') 


If  the  lof-top  fun' lions  are  used  in  Eq  (f>  tlirn  tlie  cpriaioi  b£  becomes 


(Id) 


"t 


where  we  split  each  surface  integral  into  an  integral  over  T*  and  an  integral  over  T~ ,  and 
further  we  used  the  fact  that 


V'/„(r)  = 


K  ,r*T+ 
rk 

K  ,  r  e  Tn 
0  ,  otherwise 


(18) 


The  double  surface  integrals  in  Eq.  (17)  over  a  pairs  of  facets  can  be  expressed  as  generic 
integrals  that  can  be  evaluated  numerically.  For  a  given  pair  of  facets,  these  generic 
integrals  can  be  used  to  compute  the  SE  operator  contribution  to  nine  pairs  of  edges 
forming  the  sides  of  the  triangular  facets. 

Finally,  there  remains  the  evaluation  of  the  incident  field  term  on  the  right  side  of 
Eq.  (12).  Formally,  elements  of  this  column  vector  can  be  written  explicitly  as 


where  the  vector  k  is  the  incident  plane-wave  propagation  vector,  and  a  specifies  the 
polarization  of  the  incident  E-ficld  in  spherical  coordinate  components  (i.e.,  a  =  0  or  <f> ). 
Substituting  the  roof-top  function  into  Eq.  (19),  we  can  write 


||ds(r-v/) 


(20) 


where  p  refers  to  the  two  facets  forming  the  edge  (See  Figure  3).  The  polarization  vector 
a  and  propagation  vector  k  can  be  written  out  in  terms  of  the  spherical  angles  (6,<p) 
which  specify  the  incident  direction.  The  surface  integral  over  a  triangular  facet  in 
Equation  (20)  can  be  either  be  approximated  using  the  centroid  of  the  facet  or  c.  aluatcd 
analytically. 

4.  Some  Representative  Numerical  Results 

The  hybrid  formulation  discussed  in  the  foregoing  sections  was  first  applied  to  a  number 
of  canonic  cases  to  test  the  efficacy  of  this  approach  for  which  the  specular  and 
nonspecular  scattering  phenomenology  is  well  known.  These  included  mono-  and  bistatic 
scattering  from  PEC  right  circular  cylinders  and  hemisphere  The  PO  Ansatz  was  used 
with  the  MM  representation  spanning  various  portions  of  the  scatlcrer.  A  representative 
result  for  a  more  complex  scatterer  (  a  3D  flat  bottom  kite)  is  depicted  in  Figure  4.  The 
approximate  kite  dimensions  are  5  wavelengths  in  length  and  2.8  wavelegths  in  width. 
The  edges  and  the  bottom  surface  are  represented  with  MM  and  the  top  portion  with  PO. 
For  comparison  these  hybrid  results  are  superimposed  on  calculations  using  an  "exact"  all 


MM  solution  and  one  using  only  PO.  As  can  be  seen  the  PO  results  fail  at  nonspecular 
aspects,  while  the  hybrid  results  are  in  good  agreement  with  the  exact  results, 


<b> 


Figure  1:  Monostatic  Scattering  of  a  3-D  Kite.  The  'xittom  of  the  kite  lies  in  the  Ay 
plane.  Nose  and  tail  illuriinations  a-e  at  0  —  ±  90°,  as  indicated  in  the  figure. 
The  angular  cut  is  in  the  xz  plane  over  the  top  of  the  body. 

(a)  GS Polarization  ;  (b)  ^Polarization. 
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Z,  Conclusions 

We  showed  that  a  current-based  hybrid  formulation  can  be  extended  to  fully  arbitrary 
3-D  configurations.  This  can  be  done  within  the  framework  of  the  CARLOS-3D  ™ 
algorithm.  A  special  feature  of  the  current-based  hybrid  formulation  is  that  Ansatz 
currents  from  a  variety  of  high  frequency  asymptotic  formulations  can  be  used,  i.e.,  the 
Fock  theory,  the  Leontovich  formulation,  equivalent  edge  currents,  and  of  course, 
physical  optics  which  was  explicated  here.  As  was  shown  in  earlier  investigations 
(Refs.  1-4),  these  other  formulatior:  ^an  yield  a  hybrid  Ansatz  that  is  more  accurate  and 
can  address  specialized  scattering  situations  such  as  certain  lossy  surfaces  (coatings)  and 
edges  for  which  the  PO  approximation  is  intractable. 

Some  of  the  cases  to  which  we  applied  the  present  MM/PO  hybrid  formulation  were 
electrically  small.  This  meant  that  the  PO  Ansatz  was  actually  a  very  poor  approximation 
to  the  real  cuirents  induced  by  the  incident  illuminating  fields.  This  was  verified  in  the 
poo-  results  obtained  by  the  PO  calculations  themselves.  However,  even  in  these  limiting 
cases  when  combined  with  the  MM  representation,  the  PO  Ansatz  yielded  satisfactory 
answers  at  all  mono-  and  bi-static  angles.  For  electrically  extended  scatlerers,  the 
MM/PO  hybrid  formulation  yields  even  better  results.  This  conclusion  is  in  consonance 
with  earlier  MM/PO  hybrid  formulations  for  BORs  and  BOTs. 
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HYBRID  (MM-UTD)  ANALYSIS  OF  EM  SCATTERING  BY 
LARGE  CONVEX  OBJECTS  WITH  APPENDAGES 


M.  Hsu,  P.H.  Pathak,  and  H.  Tseng 
The  Electroscience  Laboratory 
Department  of  Electrical  Engineering 
The  Ohio  St&'-e  University 
Columbus,  Ohio  43212 


1  Introduction 

Hybrid  methods,  the  combination  of  two  or  more  analytical  or  numerical  methods,  ar-?  used 
for  analyzing  problems  more  accurately  or  efficiently  than  is  generally  possible  using  a  single 
method  alone.  A  hybrid  combination  of  the  method  of  moments  (MM)  and  the  uniform  theory 
of  diffraction  (UTD)  has  been  developed  to  solve  the  electromagnetic  (F/M)  scattering  from 
electrically  large,  perfectly  conducting,  convex  scatterers  containing  appendages  wluch  can  be 
modeled  by  a  set  of  perfectly  conducting  plates.  This  development  can  be  employed  to  analyze 
the  EM  scattering  by  an  aerospace  vehicle;  a  simple  model  of  such  a  configuration  is  shown  in 
Figure  1  where  the  large  convex  scatterer  would  model  the  fuselage  and  the  appendages  would 


i  igure  1:  Complex  Finned  Structure 

represent  the  control  surfaces.  The  MM  is  a  very  accurate  mathematical  technique  which  is 
commonly  used  to  solve  the  governing  integral  equation  but  usually  involves  the  compulation, 
storage,  and  inversion  of  an  extremely  large  matrix  when  analyzing  electrically  large  radiating 
objects.  The  UTD  is  an  asymptotic  high  frequency  ray  method  which  describes  through  closed- 
form,  physically  insightful  expressions  the  basic  radiation  mechanisms  such  as  reflection  from  a 
surface,  diffraction  from  discontinuities,  and  creeping  waves,  etc.,  provided  the  pertinent  UTD 
solutions  are  available.  However,  there  are  only  a  limited  number  of  ray  mecl-inisms  for  which 
UTD  expressions  currently  exist.  Therefore,  it  would  be  advantageous  to  use  the  UTD  whenever 
possible  to  account  for  the  presence  of  objects  (i.c.  tl»e  reflection,  diffraction,  rtc.  from  them)  and 
thus  not  require  the  unknowns  in  tho  integral  equation  to  exirt  on  •  hose  surfaces,  t  his  would 
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drastically  reduce  the  number  of  unknowns  which  need  to  be  solved  vir  the  MM  procedure. 
With  regards  to  the  present  configuration  of  interest,  the  hybrid  MM-UTD  scheme  restricts  the 
unknown  currents  to  the  appendages  by  using  a  UTD-based  Green’s  function  to  account  for 
the  presence  of  the  rest  of  the  body  which  here  is  an  electrically  large  convex  scutterer.  Such 
a  hybrid  technique  makes  it  possible  to  analyse  the  high  frequency  radiation/scatlering  lroni 
complex  aerospace  vehicles  in  a  lar  more  efficient  and  tractable  fashion  than  is  currently  possible 
by  either  the  MM  or  the  UTD  alone. 

Past  work  on  a  hybrid  combination  of  the  MM  and  the  GTD  (or  UTD)  is  divided  into  two 
categories:  (1)  an  extension  of  the  GTD  (or  UTD)  using  the  MM  (|1|,  [2],  (3j,  [4],  [5])  and  (2) 
an  extension  of  the  MM  using  the  GTD  ([6],  [7),  (8)).  One  major  difference  between  the  two 
techniques  is  that  the  basis  functions  cover  the  entire  body  in  the  former  method  but  only  part 
of  the  geometry  in  the  latter.  The  hybrid  method  developed  here  extends  the  latter  method  first 
introduced  by  Thiele  and  Newhousc  (6).  An  even  more  general  hybrid  procedure  than  the  one 
described  in  thia  paper  is  possible  if,  in  addition  to  using  MM  subsection&l  basis  fuctions,  UTD- 
based  basis  functions  are  used  over  the  portions  of  the  appendages  not  close  to  discontinuities 
or  electrically  small  regions.  This  would  further  reduce  the  number  of  unknowns  in  the  MM 
solution  and  will  bt  attempted  in  the  near  future. 

2  Hybrid  Approach 

2.1  Moment  Method  Matrix  Equation 

Given  a  complex  object  consisting  of  an  electrically  large,  PEC,  smooth  convex  surface  with  a 
set  of  PEC  plates,  the  electric  field  scattered  by  this  object  is 

E‘  =  -jWJl  f  J  ■  Grpm'l  ds'  (1) 

where  the  condition  on  the  Green’s  function, 

n  X  G  wpccinl  =  0,  on  the  convex  PEC  boundary  (2) 

reduces  (1)  to  only  an  integration  over  the  plates. 

E' - -jufl  f  J  ■  GVcml  (3) 

JjAatcs 

One  may  express  the  special  Green’s  function  as 

=  -  =  =  L'7l> 

Gtprrt  at  ~  G*t  +  Gm*it  ~  G«;irn<i/  (4) 

where  Gu  is  the  free-space  dyadic  Green’s  function  and  Gwrnf  represents  the  effect  of  the  convex 
body.  Since  the  convex  body  is  electrically  large,  G*i~nni  may  be  approximated  asymptotically 

s  U'i  P 

by  its  UTD  form  denoted  by  Gmprctllr  Using  (4)  and  applying  the  boundary  condition  to  the  PEC 
plates,  the  integral  equation  to  be  solved  is 

h  x  E'  ~  jwp  f  n  x  (J  -  G:»)  dV  +  ju>u  f  h  x  ( J  •  G.mi)  ds'  (5) 

jplelr*  jplntr .« 


276 


=  ,  mUTI)  e 

*h ere  (?.,♦*  tit  (5)  is  approximated  by  t.hc  UTD  ns  (G^^,  —  (7.  )  -  Tn  using  the.  ATM  1o  «mlve  (5). 
the  current  on  the  piates  is  approximated  in  terms  of  a  set  of  basis  functions  j„  with  unknown 
coefficients  /„ 

j = £  /.  Jn  ,  (o) 

1=1 

and  (5)  is  tested  on  the  plates  with  a  set  of  test  functions,  tt/m  where  m  s*  1>N.  The  resulting 
matrix  equation  is 

IK,,]  =  |Zo„„|  [7„]  +  [AZ„,„]  (/„]  (7) 

with 

Km  =  iD„  •  (ti  X  E')  (8) 

Zum„  =  jufi  j  w,„-  [(n  x  J„)  ■  Cu]  ds  (9) 

Jnth  So8i» 

AZm.„  =  jvfi  f  w „  ■  |(n  8  J„)  ■  G,r*i\ds'  (10' 

Jn,h  to*ij 

Rec»pituml»ting,  Vm  is  the  tangential  component  of  £’,  the  field  incident  at  the  observation  point 
in  tile  presence  of  the  convex  body  without  the  plates,  evaluated  at  the  test  f  unction.  Z,lw„  is  the 
mutual  impedance  between  the  basis  and  test  functions  without  the  main  convex  body  present 
and  thus  is  dependent  only  on  the  geometry  of  the  plates  and  not  the  main  body.  It.  describes 
the  interaction  between  the  current  and  fields  of  the  N  current  basis  elements  making  up  the 
plates,  typical  of  a  standard  MM  impedance  matrix.  On  the  other  hand,  A Zm„  is  the  mutual 
impedance  due  to  the  presence  of  the  main  convex  body,  e.g.  scattering  or  radiation  from  it,  and 
thus  is  dependent  not  only  on  the  geometry  of  the  plates  but  also  of  the  convex  scatterer.  11  will 
be  determined  by  the  UTD.  Finally,  the  current  on  the  plates  is 

j  =  (Jr - F„]  (/,  •i„|7  (11) 

2.2  Basis  and  Test  Functions 

In  the  MM  part  of  this  hybrid  method,  overlapping  piecewise  sinusoids  will  be  used  as  the  ,/„ 
to  approximate  the  current  on  the  irregular  parts  of  the  object,  i.e.  the  appendages.  Piecewise 
sinusoids  were  found  to  be  particularly  well-suited  for  this  hybrid  method  because  they  provided 
the  most  accurate  results  when  used  with  the  UTD.  In  addition,  for  reasons  of  simplicity  and 
computational  efficiency,  Galerkin’s  method  is  chosen  for  testing,  i.e.  the  test  functions  are 
identical  to  the  basis  functions. 

2.3  UTD-bcsed  Green’s  function 

The  difference  between  the  conventional  MM  procedure  and  the  hybrid  MM-UTD  scheme  lies 
in  the  type  of  Green’s  function  in  the  kernel  of  the  iutegral  equation  for  the  currents  induced 
m«  th»€  scatterer  by  an  extern  cd  source.  The  former  procedure  uses  a  free-spaee  Green's  fnnrl  ion 
which  results  in  the  unknown  currents  lying  on  the  entire  complex  structure.  However,  xhe 
hybrid  scheme  uses  a  special,  UTD-based  Green’s  function  which  accounts  for  the  presence  of 
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the  electrically  large  convex  scatterer,  and  as  a  result,  the  unknown  surface  currents  are  restricted 
to  the  region  of  the  appendages.  Therefore,  when  the  MM  is  used  in  the  hybrid  scheme  to  solve 
the  integral  equation  for  these  currents,  the  resulting  MM  impedance  matrix  is  significantly 
smaller  and  more  manageable  than  in  the  conventional  MM  procedure. 

The  aforementioned  special  Green’s  function,  which  accounts  for  an  arbitrarily-located  source 
and  observer  in  the  presence  of  the  large  convex  scatterer,  was  a  result  of  being  able  to  extend  the 
UTD  to  predict  the  scattering  due  to  a  near  field  source.  Previous  UTD  expressions  applicable 
to  this  problem  existed  only  for  the  following  limiting  positions  of  a  source  and  an  observer: 

1.  Mutual  coupling  between  source  and  observer  on  the  surface  of  a  PEC  convex  object  [11) 

2.  Radiation  from  a  source  on  a  PEC  convex  object  [10) 

3.  Scattering  from  a  source  in  the  fax  field  of  a  PEC  convex  object  [9] 

However,  in  determining  the  Green’s  function,  there  will  be  sources  and  observers  on  the  ap¬ 
pendages  which  may  be  close  to  the  convex  scatterer.  In  anticipation  of  this,  new  UTD  expres¬ 
sions  have  been  developed  to  handle  the  following  two  cases: 

4.  Modified  coupling:  source  and  observer  close  to  the  surface  of  a  PEC  convex  object 

5.  Modified  radiation:  source  close  to  but  observer  far  from  the  PEC  convex  object 
With  this  extended  UTD,  we  can  treat  the  complex  object  described  earlier. 

3  Results 

Since  measurement  results  exist  for  the  geometry  shown  in  Figure  2a,  preliminary  verification  of 
the  hybrid  procedure  has  concentrated  on  analyzing  this  particular  PEC  convex  cylinder  with 
a  single  fin  from  2  Ghz  to  8  Ghz,  At  present,  we  have  analyzed  this  object  by  the  following 
procedure: 

1.  Z,  the  MM  impedance  matrix,  is  calculated  by  approximating  the  electrically  large  cylinder 
by  a  ground  plane. 

2.  V,  the  MM  excitation  vector,  uses  the  hybrid  procedure  and  accounts  for  the  PEC  cylinder 
by  the  special  Green’s  function. 

3.  I,  the  currents  on  the  single  fin  are  calculated  by  the  MM  (I  -- 

4.  The  scattered  field  due  to  the  currents  on  the  fin  radiating  in  the  presence  of  the  cylinder 
is  determined  using  the  hybrid  procedure  as  in  item  2. 

Figure  3  shows  the  RCS  as  a  function  of  frequency  of  the  object  in  Figure  2a  determined  by 
this  procedure  ver*^1^  measurements,  in  addition,  results  using  the  conventional  MM  to  analyze 
the  approximate  |  lar  model  of  Figure  2b  are  shown.  The  model  shown  in  Figure  2b,  which 
approximates  th  Under  in  the  original  configuration  of  Figure  2a  by  a  planar  surface,  was  used 
because  even  at  :  lowest  frequency  (2  Ghz)  the  radius  and  length  of  the  cylinder  in  Figure  2a 
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are  2  A  and  6  A,  respectively:  thus,  computer  time  and  storage  restricted  ns  from  applying  the 
convention*!  MM  to  the  original  geometry  of  Figure  2a.  The  improvement  made  by  using  the 
UTD  to  include  the  cylinder  effect  in  the  calculation  of  the  V  vector  and  the  scattered  fields  is 
shown  by  the  large  difference  in  FlCS  predicted,  especially  at  the  lower  frequencies,  by  the  MM 
for  Figure  2b  and  the  MM-UTD  for  the  original  geometry  of  Figure  2a.  This  occurs  because  the 
observer  is  in  the  far  field  in  the  calculations  in  items  2  and  4  above;  thus,  the  cylinder,  though 
large,  is  not  infinite  in  radius.  By  including  the  curvature  in  the  Z  matrix  calculation,  we  expect 
only  a  small  improvement  in  the  RCS  results  since  all  sources  and  observers  on  the  appendages 
are  close  to  the  cylinder,  and  thus  the  cy finder  docs  look  very  much  like  a  flat  ground  plane. 
However,  more  importantly,  we  expect  a  large  savings  in  computer  time  since  calculation  of  the 
impedance  matrix  is  the  most  time  consuming  part  of  the  MM  calculation  at  these  frequencies. 
Further  refinements  to  the  hybrid  approach  are  in  progress  to  handle  more  realistic  aerospace 
vehicles  and  to  integrate  in  a  self-consistent  fashion  the  effects  of  antennas  ami  jet  inlet  cavities 
that  may  be  present  ?r  rnch  objects. 

7.% 


Figure  2:  (a)  Original  geometry  (b)  Ground  plane  approximation  to  cylinder 


279 


RCS  (DBSM)  RCS  (DBSM) 


o 


fO 


Figure  3:  RCS  vs.  frequency  for  finned  cylinder  of  Figure  2a.  [S'  70", fl'1  -  80")  (a)  98  and 

(l)  <j>i  polarization 
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REDUCING  THE  OPERATION  COUNT  IN  COMPUTATIONAL 
ELECTROMAGNETICS  USING  HYBRID  MODELS 

E.  K.  Miller,  3225  Calle  Celestial,  Santa  Fe,  NM  87501 


ABSTRACT 

Proceeding  on  the  assumption  that  na  single  technique  is  best  suited  to  all  problems  that  might  be  en¬ 
countered  in  computational  electromagnetics  (CEM),  it  follows  that  a  variety  of  formulations  and  models 
will  continueto  be  needed.  Furthermore,  as  problem  complexity  increases,  it  is  also  likely  that  no  sin¬ 
gle  technique  will  be  equally  well-suited  to  all  the  features  that  a  given  problem  might  possess.  For 
these  reasons,  development  of  hybrid  models,  defined  here  to  be  those  that  integrate  two  or  more  dis¬ 
tinct  model  types,  offers  one  of  the  more  profitable  approaches  for  future  CBM  model  research.  The 
basic  idea  is  to  apply  each  kind  of  model  to  only  those  parts  of  a  problem  to  which  it  is  best  suited,  as 
measured  by  the  operation  count  (00)  required  to  provide  a  desired  accuracy,  and  to  obtain  the  desired 
information.  A  paradigm  for  generalizing  the  development  of  hybrid  models,  which  currently  primarily 
involve  producing  specialized  computerprograms,  is  to  exploit  the  commonality  of  the  source/fteld 
(S/F)  relationship  (in  the  formof  tne  field  p.opagator  thata  given  model  uses)  that  is  requiredof  all 
models.  This  propagatoris  a  Green's  function  for  an  integral-equation  (IE)  model,  the  Maxwell  curl 
equations  for  a  differential-equation  (DE)  model,  analytical  expansions  for  the  generalized  multipole 
technique  (GMT),  and  ray  tubes,  refraction,  and  diffractioncoefficients  for  an  optical  model.  By  apply¬ 
ing  that  field  propagatormost  appropriate  to  the  separate  parts  of  a  complex  problem  and  linking  them 
through  continuity  and  boundary  conditions  at  adjoining  surfaces  or  w  ithin  common  regions,  a  flexible 
hybrid  modeling  environment  can  be  achieved. 

INTRODUCTION 

Whateverfteld  propagator  is  employedin  KM  analysis, all  CEM  can  be  observedto  involves  dis¬ 
cretized,  sampled,  approximated  representation  of  a  physical  problem,  since  the  problem  is: 

— D1SCR ETI7.F.D  in  time,  space,  angle,  frequency, .  . .; 

-SAM PUD  io  quantify  EM  observables,  i.e,,  sources/fields  (S/F); 
and 

-APPROXIMATED  due  to  use  of  a  finite  number  of  samples,  or  degrees  of  freedom. 

All  first-principles  models  (FPMs)  require  the  same  two  kinds  of  sampling: 

1 )  Of  the  S/Fs  for  which  a  solution  is  sought,  using  basis  or  expansion  functions, 
and 

2)  Of  the  equations  that  the  S/Fs  are  to  satisfy,  using  testing  or  weight  functions, 

whether  the  model  is  based  on  integral  equations,  differential  equations,  modal  expansions,  or  optical 
descriptions  (although  not  a  first-principles  approach,  optical  models  might  be  viewed  as  such  at  high 
frequencies),  and  whether  developed  in  the  frequency  domain  (FD)  or  time  domain  (TD). 

All  such  models  thus  share  a  melhod-of-moments  (MoM)  commonality  and  involve  two  essential  com¬ 
putational  steps: 

1)  Developing  a  set  of  interactions  that  usually,  but  not  always  (a  TD  model  using  explicit  time¬ 

stepping  produces  a  diagonal  interaction  matrix)  leads  to  a  linear  system  of  equatin'  (or 
coefficient  matrix),  tltat  we  call  the  “system’'  matrix; 
and 

2)  Solving  the  system  matrix  for  unknown  S/Fs. 
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The  total  OC  must  grow  at  least  as  fast  as  the  number  of  S/F  samples  since  each  sample  requires  at  least 
one  computa.ion  for  its  evaluation.  The  OC  may  grow  much  faster,  however,  because  the  Sir  samples 
are  usually  related,  where  the  nature  of  the  interaction  relationship  determines  now  many  operations  per 
S/F  sample  will  actuallybe  required.  A  limiting-case  exception  for  an  integral  description  is  physical 
optics  (PO)  where  there  are  no  interactions  between  sources,  so  that  the  initial  operation  count  (to  evalu¬ 
ate  the  current)  is  proportional  to  the  number  of  source  samples.  Besides  the  number  of  sources,  the 
total  OC  is  determined  by  the  additional  observables  that  might  also  be  subsequently  obtained  from  the 
sources. 


FPMs  can  also  be  characterized  as  to  whether  they  are  global,  where  equation  sampling  produces  a 
dense,  or  full,  matrix  of  interactions,  or  local,  where  equation  sampling  produces  a  sparse  matrix,  in 
terms  of  the  interactions  that  occur  between  the  S/F  samples  A  categorization  based  in  the  S/F  relation¬ 
ship  and  the  domain  (frequency  or  time)in  which  the  model  is  formulated  leads  to  the  following  four 
major  CEM  FPMs  and  observations: 

1 )  Frequency-domain  integral-equation  (FD3E )  global  models  have  been  most  widely  devel¬ 
oped  since  they  were  the  first  approach  to  receive  detailed  study,  where  it  should  be  noted  that  some 
GMT  models  are  basically  equivalent 

2)  Time-domain  differential-equation  (TDDE)  local  models  are  receiving  substantially  increas¬ 
ing  attention  as  computer  memory  and  speed  have  increased,  and  tut  especially  suited  to  highly  parallel 
computers. 

3)  Frequency-domain  differential-equation  (FDDE )  local  models  have  been  less  used,  in  large 
part  because  the  TDDE  offers  better  OC  efficiency. 

4)  Time-domain  integral-equation  (TDIE )  global  models  have  teen  least  explored,  probably  be¬ 
cause  they  are  perceived  to  be  most  difficult  to  implement. 


The  basic  difference  between  IE  and  DE  models  is  the  field  propagator  that  they  employ.  As  illustrated 
in  Fig.  I: 

—An  IE-based  model  uses  a  -A  DE-bascd  model  used  the  Maxwell 

Green’s  function  curl  equations  (or  wave  equation) 

-The  field  at  Rj,  involves  integration  -The  fie1 3  .t  R„  involves  adjacent  field 

integration  over  enclosing  surface  S  values  in  volume  V 

-The  solution  space  has  the  dimensionality  -Solution  space  has  dimensionality  of 
of  enclosing  surface  S  volume  V 


SURFACE  S 


Figure  1  For  a  homoganaoua,  manor  pretXam,  finding  lha  liald  at 
an  intstior  panl  using  an  IE  modal  raquuet  aampling  over  only  »» 
tndosng  urtK*  wtila  a  DE  model  rafliims  aampling  over  Ihe  an 
dooaO  vduma. 


It  is  generally  irue  that  DE  propagators  lead  to  more 
unknowns,  hut  produce  a  sparser  matrix  having  sim¬ 
pler  interaction  coefficients,  DE  models  are  also  appli¬ 
cable  to  more  general  problems  than  are  the  corre¬ 
sponding  IE  models,  including  those  having  medium 
nonlinearity  and  inhotnogeneityand  lime  variation,  be¬ 
cause  of  the  lack  of  a  Green’s  function  for  most  such 
■problems.  In  TD  modeling,  the  interaction  mail  ices 


may  be  diagonal,  using  an  explicit  formulation,  whereas  FD  matrices  never  are. 


Clearly,  an  important,  universal  measure  of  CEM  model  complexity  is  the  number  of  spatial  unknowns. 
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For  interior  problems  involving  homogeneous  media,  IE  models  sample  only  on  bounding  surfaces 
while  DE  models  sample  throughout  the  volume  enclosed  by  those  surfaces.  DE  models,  furthermore, 
requires  “closure”  condition  for  exterior  problems  to  truncate  spatial  sampling  that  would  otherwise  ex¬ 
tend  to  infinity.  Optics  models,  by  contrast,  usually  need  only  to  sample  edges  and  discontinuities  of 
the  problem  space,  although  the  ray  tracing  that  is  required  can  be  a  challenging  requirement  for  geomet¬ 
rically  (and  electrically)  complex  problems.  In  all  other  CEM  models,  the  number  of  unknowns  is  also 
driven  by  the  wave  nature  of  EM  fields,  since  the  spatial  sampling  density  must  usually  be  some  number 
per  wavelength  in  each  space  dimension. 

REDUCING  THE  OPERATION  COUNTS  OF  FIRST-PRINCIPLES  MODELS 
A  major  challenge  in  CEM  is  to  increase  the  size  and  complexity  of  problems  that  can  be  affordably 
modeled.  One  way  of  doing  so  is  hardware-based,  by  better  matching  CEM  models  to  new  computer 
architectures  (e.g.,  those  that  are  distributed,  highly  parallel,  etc.).  The  other  is  by  decreasing: 

-the  number  of  S/F  samples  required  to  achieve  acceptable  fidelity; 

—the  number  uf  operations  required  per  sample; 
and 

—the  amount  of  redundant  computation  that  is  done, 

all  with  respect  to  obtaining  the  needed  information,  for  which  a  variety  of  approaches  are  being  pur¬ 
sued. 

Reducing  the  amount  of  redundant  computation  implies  eliminating  unneeded  numerical  steps  in  the 
modeling  process.  A  simple,  yet  often-encountered,  exampleis  that  of  norfully  utilizing  all  coeffi- 
cientsof  tneadmittance  matrix  that  comes  from  factoring  or  inverting  anIE  impedance  matrix.  When 
modeling  antennas  having  a  single  (or  only  a  few)  feed  point,  only  a  single  column  (or  a  few  columns) 
of  the  admittance  matrix  is  needed,  an  application  for  which  iterative  solutions  offer  an  attractive  alterna¬ 
tive.  A  similar  observation  holds  if  scattering  results  are  needed  for  only  one,  or  a  few,  incidence  an¬ 
gles.  Other  examples  are  provided  by  over-sampling  observables  in  space  because  there  is  no  reliable 
way  to  estimate  the  solution  accuracy a  jiri  i  fora  given  spatial  sampling  density  (or  in  frequency  or 
angle),  because  known  problem  physics  ai  not  being  fully  exploited  to  estimate  the  behavior  between 
samples.  Model-based  parameter  estimation  (MBPE)  provides  one  approach  for  addressing  this  prob¬ 
lem  [Miller  and  Burke  ( 1 991 )]. 

Ways  of  reducing  the  operation  count  of  matrix-based  CEM  approaches  are  relatively  few,  but  varied. 
They  include: 

-Decreasing  the  size  of  the  system  matrix  (the  matrix  produced  by  a  FPMy 
—Simplifying  computation  of  the  system  matrix; 

-Developing  a  system  matrix  that  is  easier  to  solve; 

—Minimizing  the  number  of  system-matrix  solutions  that  are  needed. 

Some  specific  examples  of  OC  reduction  (OCR)  along  these  lines  are: 

For  a  DE  model,  the  system  matrix  can  be  decreased  in  rirc  by  moving  the  closure 
boundary  nearer  an  object  being  modeled  through  using  a  more  suitable  local  closure  con¬ 
dition  [e.g., the  "on-surface  radiation  condition,  Kriegsmann  et  al.  ( 1987);  using  IE- 
closure,  Cwik(1992)]. 

For  an  IE  model,  theOC  requiredto  compute  the  system  matrix  can  be  reduced  by 
replacing  rigorous  field  expressions  with  more  easily  computed  approximations  or  repre¬ 
sentations  [e.g.,  for  the  interface  problem,  where  Sommerfeld  integrals  are  replaced  by 
reduced-order  models  Burke  and  Millet  (1984);  or  where  complex-image  theory  is  used 
Undell  et  al.  (1986)]. 

Again,  for  an  IE  model,  the  system  matrix  might  be  made  easier  to  solve  by  con¬ 
centrating  significant  interactions  into  fewer  coefficients ( a  near-neighbor-like  approxima¬ 
tion)  {  e.g.,  the  “impedance-localization procedure,  [Canning(19S3)];  using  “directive 
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basis  functions,  [Pogorzclski  (1993)];  reducingthe  complexity  of  far  interactions  through 
the  fast-multipoie  method,  [Coifmanet  al.  (1993)];  using  "divide  and  conquer”  techniques 
such  as  spatial  decomposition,  [Umashankar  et  al.  (1992)],  diakoptics  [Swerling  et  al. 
(1987)],  compartmentalization  [Wang  and  Ling  (1991)],  and  partitioning  [Spring  and  Can- 
gellaris  (1992),  Chupongstimun  and  Lee  (1992)]}. 

For  any  FD-based  model,  the  number  of  system-matrix  solutions  that  are  need 
might  be  decreased  by  using  reduced-order  models  for  a  sampled  frequency  response  or 
angle  radiation  pattern  [using  model-based  parameter  estimation.  Miller  and  Burke  (1991)]. 

A  RATIONALE  FOR  HYBRID  MODELS 

A  means  for  achieving  OCR  that  involves  aspects  of  all  the  approaches  just  mentioned  is  that  of  devel¬ 
oping  and  using  hybrid  models.  The  rationale  for  hybrid  modeling  is  that  of  assigning  the  most  appro¬ 
priate  S/F  propagator  to  the  different  parts  of  a  complex  problem  with  the  goal  of  substantially  reducing 
the  total  OC  required  to  obtain  the  desired  information.  A  generic  problem  that  illustrates  the  principle 
involved  is  shown  in  Fig.2,  where  the  various  field  propagators  that  might  be  used  to  model  different 

Figi«  l  A  gananc  prabrtm  to  illus¬ 
trate  how  dillerent  kinds  ol  lield  propa¬ 
gators  .night  be  used  tor  modeling  a 
problem  mat  is  geometrically  and  elec¬ 
trically  complex 


parts  of  a  missile-like  object  are 
suggested.  While  it  maybe 
feasible  to  solve  a  problem 
having  such  differ-  nt  electrical 
and  geometrical  characteristics 
using  a  one-propagator  model, 
the  computer  resources  re¬ 
quired  to  do  so,  and  the  accura¬ 
cy  that  might  be  achieved,  can 
bi  far  from  optimal  compared 
with  instead  using  a  multi- 
propagator,  hybrid  model.  In  the  following  discussion,  we  consider  a  sequence  of  simpler  problems  to 
demonstrate  this  point  conceptually,  first  estimating  their  solution  OCs  when  solved  using  ~ach  of  the 
four  FPMs  discussed  above,  and  then  estimating  the  reduction  in  OC  that  can  be  realized  using  a  hybrid 
model. 

OPERATION  COUNTS  FOR  SINGLE-PROPAGATOR  MODELS  OF  SOME  S-.MPLE 
PROBLEMS 

We  consider  four  related  problems,  beginning  with  an  isolated  conducting  body  in  ffee  space,  then  sep¬ 
arately  adding  an  Inhomogeneous  i electric  sheath  and  a  nearby  conducting  plate,  and  finally  including 
both  features  together.  Wc  first  express  the  total  OC  as  a  function  of  problem  parameters  for  the  four 
major  FPM  types  as  outlined  above  and  indicate  the  most  efficient  single-propagator  model  in  terms  of 
OC,  by  denoting  that  model  with  a  double  underline.  Then,  we  derive  the  total  OC  for  three  kinds  of  hy¬ 
brid  models  applied  to  these  separate  problems  to  estimate  the  speedup,  in  terms  of  reduced  OC,  that 
these  hybrid  models  offer  over  a  single-propagator  model  of  the  same  problem.  In  each  example,  we 
consider  one  of  the  problem  parameters  to  be  largest,  for  illustrative  purposes,  and  de:  -mate  this  param- 
eteras  tbecontrollingproblemparameter(CPF),  Those  parameters  that  appear  in  a  i  licular  model’s 
OC  are  similarly  designated  as  controlling  model  parameters  (CMP).  We  emphasize  mat  choosing  an¬ 
other  parameter  would  affect  the  specific  results,  but  not  affect  the  general  benefits  of  using  a  hybrid 
model.  It  should  become  apparent  that,  for  even  such  a  simple  problem,  the  ramifications  of  varying  the 
problem  parameters  can  be  non-trivial.  For  the  four  FPM  types,  the  estimated  OCs  are  those  associated 
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■with  obtaining  a  solution  at  a  single  frequency.  Note  that  if  broadband  results  ap*  needed,  TD  models 
are  inherentlymore  efficient,  since  results  can  be  obtained  across  a  wide  frequency  range  from  a  single 
model  run  compared  with  FD  models  that  require  many  frequency  samples  across  that  frequency  range. 
Also,  Xs  and  Xt  denote,  respectively,  the  number  of  spatial  samples  for  all  models  and  number  of  time 
samples  needed  for  a  TD  model.  Note  that  Xs  for  a  DE  or  IE  model  is  essentially  independent  of 
whether  that  model  is  implemented  in  the  FD  or  TD. 


Example  1:  Isolated  Conducting  Body  in  Fre  Space 

An  isolated,  conducting  body  of  area‘'B"  square  wavelengths  in  free  space  is  one  of  the  simplest 
configurations  to  odel,  leading  to  the  OCs  shown  in  Fig.  3.  Note  that  only  the  highest-ordcrB- 
dependent  terms  ,.;c  included  in  these  OC  estimates,  and  that  algorithm-dependent  multiplying  coeffi¬ 
cients  can  substantially  affect  the  total  OC  for  a  given  problem.  The  symbolic  quantities  and‘‘d"  are 
the  linear,  spatial  sampling  densities  required  for  IE  and  DE  models,  respectively,  and  1  is  the  number  of 
iterations  required  for  convergence  to  a  specified  accuracy  for  an  iterative  solution. 
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Example  2:  Isolated  Conducting  Body  with  Inhomogeneous  Sheath 
Ihe  same  conducting  body  of  surface  area  B  square  wavelengths  covered  by  an  inhomogeneous, 
dielectric  sheath  of  electrical  thickness  “t"  wavelengths  in  the  radial  direction,  leads  to  the  results  shown 
in  Fig.  4.  For  thin-enough  sheaths  (nominally  assumed  hereto  be  of  order  one  wavelength,  with  t  « 
vB),  we  considerthat  B  remains  the  CPP,  resulting  in  its  being  the  CMP  for  DE  models,  while  B  andt 
together  arc  CMPs  for  IE  models.  The  IE  models  become  less  OC-edficient  because  they  require  addi¬ 
tional  spatial  sat  nples  in  the  inhomogeneous  sheath  while  the  DE  models  are  relatively  unaffected  by  the 
sheath  since  the  r  sample  volumetriciliy  out  to  the  closure  boundary  in  any  case. 

Example  3:  Conducting  Body  Located  Near  A  Conducting  Plate 
When  a  conducting  plate  of  area  “P"  square  wavelengths  is  located  a  distance  “s”  away  from  the 
conducting  body  of  example  1,  assuming  that  s  is  the  CPP,  where  s  »  v’B  and  'I P,  the  OC  results 
shown  in  Fig,  5  are  obtained.  Even  though  s  is  ihe  CPP,  we  see  that  only  B  and  P  are  CMPs  for  the 
FDIE  nodel  because  the  spatial  sample  count  for  an  IE  model  does  not  depend  on  s.  However,  s  also 
becomes  a  CMP  for  theTDIEmodel,  because  of  needing  to  account  for  propagation  time  between  the 
piateand  body  in  thetime-steppingfolution.  B,  P  ends  all  become  CMPs  for  the  DE  models,  because 
such  models  need  to  sample  a  volume  determined  by  the  plate  area,  the  plate-body  separation  distance, 
and  the  body  extent  beyond  that.  The  TPPF.  model  includes  an  extras  factor  over  ihe  FDDE  because  of 
the  interaction  time  over  that  separation  distance,  in  the  same  way  as  occurs  for  the  FDIE  models. 
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Example  4:  Conducting  Body  with  Inhomogeneous  Sheath  Located  Near  a  Con¬ 
ducting  Plate 

Finally,  a  combination  of  the  conducting  body  having  both  an  inhomogeneous  sheath  and  a  near¬ 
by  conducting  plate  leads  to  the  results  shown  in  Fig.  6,  where  it  is  assumed  that  the  plate  area  P  is  the 
CPP.  For  this  application,  the  IE  models  both  exhibit  higher-order  P  dependencies  that  either  of  the  DE 
models,  which  is  also  the  CMP  for  these  models.  The  DE  models  also  contains  and  vB  as  CMPs,  and 
as  for  example  2,  the  FDDE  model  again  exhibits  the  lowest-order  P  dependence. 
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Figure  4.  OC  dependencies  [part  (a)]  lor  conducting  body  covered  by  inhomogonious  sheath  [part  (b)].  Wats  the  sheath  thick- 
nets.  t,  atlects  the  IE  OC,  becamt  additional  volumetric  unpin  are  now  needed,  a  thit  sheath  is  ick  a  feeder  tor  DE  models  be- 
gium  they  need  to  sample  between  the  body  and  the  closure  bourdaiy  in  any  cate.  The  FTtDE  model  a^ain  products  the 
lowestorder  OC  dependence  on  S. 
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Figure  5  OC  dependencies  (part  (a)]  lor  conducing  body  of  area  B  sepa¬ 
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OPERATION-COUNT  REDUCTION  USING  HYBRID  MODELS 

We  consider  three  different  hybrid  models  that  might  be  applied  to  the  generic  problems  just  discussed 

Hybrid  IE/GTD  Model  for  Plate-Body  Problem 

Aa  a  first  example  uf  using  a  hybrid  model,  we  consider  the  simplest  of  the  examples  considered 
above,  the  piate-body  problein,  modeled  using  a  combination  of  an  IE  for  the  body  and  an  optics  [geo¬ 
metrical  theory  of  diffraction  (GTD)]  model  for  the  plate  compared  with  an  IE  model  for  the  entire 
problem.  This  hybrid  IE/GTD  model  has  the  effect  of  reducing  Xs  from  ~  i2(P  +  B)  to  instead  -  i2B. 
Thenumberof  interacrioncoeffieients  is  then-  i%2  rather  than  i^(P  +  B)2.  The  LL'-decomposition 
OC  for  the  hybrid  IE/GTD  model  then  is  of  order  i®B3,  producing  a  savings  rclativeto  the  full  IE  model 
~(1  +  P/Bp.  The  OC  savings  provided  by  this  hybrid  model  overan  IE  model  for  the  entire  problem 
is  seen  to  grow  as  the  cube  of  the  plate  area.  Were  an  iterative  solution  to  be  used  instead,  the  OC  sav¬ 
ings  would  grow  as  the  square  of  the  plate  area. 

Hybrid  DE/IE/GTD  Model  for  Plite-Sheatb-Body  Problem 

When  the  inhomogeneous  sheath  is  added  to  the  conducting  body,  an  appropriate  hybrid  model 
would  be  one  that  again  models  the  plate  using  GTD,  the  sheath  using  a  DE  model  and  an  IE  for  the 
sheath  sutfe.ee.  The  numberof  IE  unknowns  for  the  hybrid  model  would  be  -  i2B  rather  than  the  i2(B 
+  P  +  Bit)  that  the  full  IE  model  would  require.  The  total  numberof  interaction  coefficients  (non-zeros 
in  the  problem  system  matrix)  for  the  hybrid  mode!  would  then  be  -  i“*B2  +  kd3Bt  rather  than  the  i4(B  + 
P  +  Bit)2  required  for  the  full  IE  model  with  a  small  integer  depending  on  the  DE  numerical  model. 
An  iterative-solution  OC  for  the  hybrid  model  is  thus  of  order  Ii*B2,  resulting  in  a  savings  rclativeto 
thefullIE  model,  also  solved  using  iteration,  of  order  (1  •+■  P/B  +  it)2.  Thus,  as  the  sheath  becomes 
thicker,  the  savings  provided  by  the  hybrid  model  would  eventually  grow  as  the  square  of  the  sheath 
thickness,  assuming  that  B  remains  »  t,  numerically. 

Hybrid  DE/Modal/GTD  Modal  for  Plale-Shoatb-Body  Problem 

As  a  final  example  of  a  hybrid  model  applied  to  the  plate-aheatb-body  problem,  consider  using  i 
modal  expansion  for  the  surface  fields  while  retaining  the  GTD  propagator  for  the  piste  snd  a  DE  mode! 
for  the  inhomogeneous  sheath.  Furthermore,  in  the  modal  spectrum  retain  only  modes  in  the  range  of 
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the  resonance  peak  from  0.9  to  1.1  ka,  wherea  is  the  effective  sheath  radius  in  wavelengths.  Also, as¬ 
sume  the  modes  on  the  dielectric  surface  can  be  approximated  in  product  form  asF(t)£)  -  fjOlJfjfw). 
so  that  the  number  of  mode-expansion  unknowns  would  be  -  2a  =  n/BMn.  The  number  of  interaction 
coefficients  would  then  be  -  B/it  +  BtcP  rather  than  -  i^(B  +  P  +  Bit)".  The  iteration  0 C  for  the  hybrid 
model  is  then  ~  I(B/n  +  Btd^)  “  IBtd-'  FOR  td^jt  »  1.  The  savings  relativeto  the  full  IE  model  solved 
using  iteration  is  then  ~  {iB( it  +  1  +  P/Bj^j/t,  assumingd  ~  i.  The  speedup  that  these  three  hybrid 
models  might  offer  relative  to  a  single-propagator  IE  model  for  the  same  problems  are  summarized  in 
Fig.  7  as  a  function  of  plate  area  P  as  the  CPP. 


Figure  7.  Relative  speedup®  (OC  racucliom  achieved  using  the 
hybrid  models  discussed  in  the  text  over  a  lull  IE  model,  both 
solved  using  the  same  approach  (see  text  lot  discussion).  The  re¬ 
sult  for  curve  (a)  applies  where  t »  0  (he.,  there  is  no  sheath),  and 
tor  (b)  and  (c)  where  an  inhomogeneous  shea*  one  wavelength 
thick  is  present.  Curve  (a)  is  lor  a  hybrid  IE7GTD  using  LU  decom- 
position.  Cirve  |b)  Is  lor  a  hybrid  Dfc/IE/QTD  model  using  an  itera¬ 
tive  solution.  In  curve  (c),  the  speedup  is  shown  Ira  a  hybrid 
D&Modal/GTQ  model,  again  solved  using  iteration.  It  Is  assumed 
that  the  sampling  density  is  10  per  wavelength  in  linear  dimension 
<i.e..  too  per  square  wavelength  and  1000  per  cubic  wavelength), 
and  that  the  object  area  Is  six  square  wavelengths. 


CONCLUDING  COMMENTS 
The  operation  counts  associated  with  applying  the 
four  major  kinds  of  first-principles  models  to  some 
Fb^aniinSquraWnsifrthi  60  simple  generic  problems  have  been  shown.  The  po¬ 

tential  benefitsof  instead  using  multi-propagator  or 
hybrid  models  has  been  demonstrated  by  comparing  the  decreased  operation  count  such  models  can  pro¬ 
duce  relative  to  singie-piapagalor  models,  showing  possible  orders-of-magnitude  improvement. 
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A  Hybrid  Technique  For  NEC  (Numerical  Electromagnetics  Code) 

S.  R.  Rousselle 
and 
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Electrical  Engineering  Department 
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Houghton,  MI  49931-1295 

Abstract  A  modification  of  the  magnetic  field  integral  equation  (MFIE)  in  Numercial  Electro 
magnetics  Code  (NEC)  which  permits  faster  execution  without  appreciable  change  in  accuracy 
is  described.  For  several  antennas,  results  arc  presented  which  show  a  reduction  in  computation 
time  as  large  as  a  factor  of  135  y<  maintain  acceptable  accuracy. 

1.  Introduction 

Since  the  development  of  XEC  [2],  it  has  undergone  numerous  changes  tu  improve  accuracy  or 
include  specialized  phenomena(l).  Few  of  these  advancements,  however,  have  focused  on  taking 
advantage  of  the  way  in  which  XEC  solves  problems.  By  assuming  that  the  physical  optics 
approximation  is  valid  for  surfaces,  a  hybrid  code  has  been  developed  to  reduce  the  solution  time 
while  maintaining  accuracy. 

XEC  was  developed  to  use  a  hybrid  equation  for  whe  interaction  of  the  electric  field  integral 
equation  (EFIE)  »-i  model  wires  and  the  magnetic  field  integral  equation  (MFIE)  to  model 
closed  surfaces.  Because  the  MFIE  i-.  strictly  valid  only  for  closed  surfaces  and  i:.  therefore  not 
as  flexible  as  the  EFIF,  for  complt  a  structures,  wire-grid  models  and  the  EFIE  arc  commonly 
used(5).  However,  it  ha:,  horn  found  that,  at  least  for  some  cases.  XEC  will  accurately  predict 
the  far-held  pattern  of  an  antenna  structure  over  an  infinitesimally  thin  open  surface  which  acts 
as  a  reflector.  In  principle,  this  should  not  give  the  correct  result  and  is  an  incorrect  modeling 
technique.  In  this  paper,  we  will  provide  examples  as  to  when  we  have  found  this  to  succeed. 

One  of  our  goals  is  to  use  this  observation  for  improving  upon  the  computation  time  associated 
with  the  matrix  filling  and  subsequent  solving  for  surface  patch  currents  when  they  can  simply 
be  obtained  using  a  physical  optics  current  density  upon  completion  of  the  EFIE  solution. 

2.  Background 

An  interactive  design  package  [G]  was  used  to  reveal  that  the  current  was  approaching  zero  at 
the  surface  edges,  from  these  observations  and  suggestions,  [4],  it  became  evident  that  a  hybrid 
code  could  be  developed  to  reduce  the  computation  time  associated  with  the  matrix  filling  and 
solution.  The  MFIE  solved  in  XEC  r  |2.  Part  l): 

-  h{f0)  X  fr'(r„)  =  +  ~  ^  yi(r„)  x  fjj(r')  x  r  )]  ilA'.  (1) 
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where  H!  is  the  magnetic  field  incident  on  the  surface,  J9  is  the  surface  current  that  it  induces, 
7*(r*)  is  the  outward  directed  normal  vector  at  (fa).  g{r.r')  is  the  Green's  function  given  by: 


g{r.  r ') 


exp[-jk\r-  r'Q 


(2) 


and  the  subscripts  “P.V.,  S71  indicate  the  principal  value  of  the  surface  integral.  In  the  Physical 
Optics  (PO)  approximation,  the  term  in  Eq.(l)  is  negligible  for  a  smooth  surface  whose  radius 
of  curvature  is  large  compared  to  a  waveleagth[3]. 


3,  Results 

Our  first,  example,  shown  in  Figure  1  is  the  far  field  pattern  of  a  monopoU*  perpendicularly 


Mortopo**  Qw*'  Tf**i  V«lch  •  NSCS’PO 


27V 

Fr*^«nor  -  MO  00000  MHz 


Figure  1:  Comparison  of  far  field  pattern  for  a  monopole  over  thin  patch  for  tin-  hybrid  NFC2-PO 
code  (marked  line)  and  experiment  (solid  line). 

oriented  over  an  infinitesimally  thin  conducting  patch  using  the  hybrid  XKC2-PO  code  (the 
marked  line)  find  a  comparison  with  experimental  data  measured  in  an  auechuk:  chamber.  For 
comparison.  Figure  2  shows  the  agreement  between  the  far-held  pattern  of  the  same  monopolo 
antenna  fi<>m  NEC2  (unmodified,  the  marked  line)  and  the  same  experimental  data  (solid  line) 
As  can  he  seen,  there  is  relatively  little  difference  between  either  of  the  two  computed  patterns 
compared  with  experiment.  The  strong  agreement  between  the  measured  and  NEC2  patterns 
suggests  that  infinitesimally  thin  patches  can  be  used  to  model  reflectors. 

Our  second  example  is  the  Example  'l  of  the  XF02  Cser’s  Guide,  a  T  antenna  on  a  box  over 
a  perfect  ground.  Figure  3  chows  the  close  agreement  between  the  KEC2  PO  code  (marked  line) 
and  the  original  \KC2  code  (solid  lined. 

The  last  example  a  model  of  a  monopole  antenna  on  a  1992  Cadillac  Seville  with  1(1  wire 
segments  and  344  patches,  as  illustrated  in  Figure  4.  ami  was  created  using  our  NEW  JDK  AS 
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Monopole  Over  Infinitely  Thin  Patch  -  NEC2 


270 

FrtquMOy  »  930.00000  MHl 


Figure  2:  Comparison  of  far-ficld  pattern  for  a  monopole  over  thin  patch  for  the  original  NKC2 
code  (marked  line)  and  experiment  (solid  line). 


ExMnpV  4  NCCJ  U**r  UiniMl  T  Mi*nn*  co  ■  Ro«  Ov*r  ■  P«rteci  GloWd 


Figure  3:  Comparison  of  far  field  pattern  for  Example  4  of  the  NEC  User's  <  Jiiidr  for  the  hybrid 
NEC2-EU  code  (marked  line)  and  tire  original  NEC‘2  code  (solid  line). 
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software  [6].  In  Figure  3  we  have  plotted  the  far -field  pattern  for  this  structure  using  the  hybrid 
NEC2-P0  code  (marked  iine)  and  the  original  NEC2  code  (solid  line).  It  is  interesting  to  note 
that  for  this  example,  the  hybrid  XEC2-P0  code  ran  in  XS  seconds  as  compared  with  401 
seconds.  on  an  RSGOOO  model  540.  The  particular  frequency  chosen  in  this  example  vvjls  100 
MHz.  or  nearly  middle  of  the  FM  band. 


I-MM  La  WC  Imlmr  VMian  1.1*  (Bttal  I  / 

*»  «.  »».■«—  ]i.  lc  ¥ 

<<l  iw.mum  Hiahi'an  TOTula'iMl  Uilwtil*  A 

Figure  1:  Illustration  of  the  patches  and  wire  segments  used  to  model  n  1002  Cadillac.  Seville 


4.  Conclusions 

From  the  examples  given,  it  appears  that  the  use  of  a  physical  optics  approximation  within  the 
XEC  program  can  result  in  a  considerable  computational  savings.  Future  work  will  necessarily 
include  testing  this  hypothesis  for  its  range  of  applicability. 
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Monopole  01  1992  Cadillac  Seville 


270 

Frequency  =  1 00.00000  MHz 


Figure  5:  Comp*" i sou  of  far- field  pattern  fur  a  monopolr  ou  a  199?  Cadillac  Seville  using  the 
hybrid  XEC2-PO  code  (marked  line)  and  the  original  NEC 2  code  (solid  line). 
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AN  APPROACH  FOR  SOLVING  SYSTEM-LEVEL 
ELECTROMAGNETIC  COUPLING  PROBLEMS 

Everett  G.  Farr  mod  Robert  I.  Antinone 
Farr  Research  and  BDM  Federal,  Inc. 


I.  INTRODUCTION 

Whan  a  complex  system  is  exposed  to  an  external  electromagnetic  (EM)  field,  voltages  are  generated 
at  the  pin  level  of  sensitive  electronics  that  can  upset  or  damage  a  system.  The  ability  to  predict  the  field  levels 
required  to  generate  such  an  event  is  of  critical  importance  to  the  understanding  of  the 
survivability/vulnerability  (S/V)  of  a  system.  However  these  predictions  are  quite  difficult  because  of  the 
complexity  of  the  systems  involved.  We  summarize  here  an  approach  for  solving  this  problem  by  using  a 
variety  of  codes  that  .already  exist,  as  well  as  some  new  technology  in  the  area  of  interpolating  sparsely 
sampled  data. 

The  type  of  problem  one  encounters  is  shown  in  Figure  1.  A  plane  wave  is  incident  upon  a  system 
with  apertures  and  slots  in  the  exlenor  surface.  The  external  fields  leak  into  a  cavity,  which  contains 
equipment  boxes  connected  together  by  shielded  cables  or  bare  wires.  Since  there  are  multiple  conductors  in  a 
bundle,  multiconductor  transmission  line  theory  is  required  to  solve  the  cable  problem.  There  are  one  or  more 
sensitive  circuits  at  the  end  of  the  cables.  The  voltages  at  the  inputs  to  the  circuits  cannot  exceed  some 
maximum.  We  propose  here  an  approach  for  solving  this  problem  using  a  combination  of  EM  fields  codes,  a 
multiconductor  transmission  line  code,  a  circuit  code,  and  a  scheme  for  interpolating  sparsely  sampled  data. 


Figure  1 .  A  typical  system-level  EM  coupling  problem. 


II.  THE  CHALLENGES  IN  SOLVING  THE  SYSTEM-LEVEL  COUPLING  PROBLEM 

Tnc  challenges  in  solving  system-icvel  EM  coupling  problems  lie  in  four  main  areas.  First,  there  is  a 
natural  separation  of  codes  into  distinct  areas,  EM  fields,  transmission  lines,  and  circuits.  In  general,  these 
problems  are  solved  separately,  with  no  clean  method  of  passing  the  output  of  one  problem  to  the  input  of  the 
others  This  problem  can  be  overcome  by  adjusting  the  Input/Output  (I/O)  of  the  various  codes  to  be  in  a 
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format  that  is  compatible  with  the  other  codes.  While  this  is  simple  in  principle,  in  practice  it  may  require 
considerable  effort. 

A  variety  of  codes  are  required  to  solve  this  problem.  Looking  from  the  outside  in,  first  one  requires 
an  electromagnetics  fields  code.  Two  codes  art  currently  available  that  could  serve  such  a  purpose,  GEMACS 
[1]  and  XPATCH.  Inside  the  cavity,  one  would  use  GEMACS.  At  the  transmission-line  level,  one  might  use 
QV7TA,  which  provides  a  solution  to  the  “  BLT*  multiconductor  transmission  line  equations,  developed  by 
Baum,  Liu,  and  Teschc  [2,3].  Finally,  at  the  circuit  level,  one  could  either  write  one's  own  code,  since  wc 
propose  to  linearize  the  problem,  or  use  an  existing  code  such  as  SPICE, 

A  second  challenge  to  solving  the  system  level  problem  lies  in  the  complex  nonlinear  circuits  that  must 
be  analyzed  in  order  to  test  their  sensitivity.  In  many  cases,  one  can  assume  a  linearized  model  for  the  circuit, 
and  still  achieve  reasonable  accuracy.  An  example  of  where  this  is  valid  is  the  problem  of  back-door  HPM 
coupling,  where  the  frequency  of  the  incident  field  is  tar  above  the  intended  operating  frequency  of  the 
nonlinear  solid-state  devices.  It  has  been  shown  that  this  problem  can  be  linearized  by  measuring  the  input 
impedances  of  nonlinear  circuits  out  of  band  [4],  This  is  discussed  in  more  detail  later  in  this  article. 

A  third  challenge  lies  in  the  very  large  amount  of  data  required  to  demonstrate  hardness  of  the  asset. 
If  one  wishes  to  show  that  the  voltage  at  a  certain  component  never  exceeds  some  maximum  value,  one  would 
need  to  show  this  for  many  different  uigles  of  incidence,  lor  two  polarizations  of  the  incident  field,  and  for 
many  different  frequencies.  The  necessity  of  demonstrating  hardness  at  many  different  frequencies  is 
potentially  the  most  troublesome,  since  one  must  anticipate  the  possibility  of  sharp  resonances  in  the  response 
data  that  could  be  missed  if  the  data  were  sampled  too  sparsely.  A  u  approach  for  addressing  this  problem  is  to 
use  a  procedure  called  Model  Based  Parameter  Estimation  (MBPE)  [5,6).  This  procedure  allows  one  to  make 
calculations  at  sparsely  sampled  frequency  points,  and  then  interpolate  intelligently  between  the  samples.  One 
uses  known  information  about  the  system,  such  as  hs  response  at  zero  frequency,  to  fit  a  rational  function  to  a 
sparse  sampling  of  data  points  Wc  discuss  this  technique  in  more  detail  later  in  this  article,  and  provide  some 
examples. 

A  final  challenge  lies  in  the  complicated  geometry  specifications  of  the  external  shell.  Typically,  the 
first  step  in  the  analysis  is  to  calculate  the  skin  currents  on  a  complex  object  such  as  an  aircraft,  helicopter,  or 
tank.  It  is  tedious,  however,  to  provide  complete  geometry  data  to  an  EM  fields  code  in  a  format  that  it  is 
useful.  One  way  this  can  be  done  is  to  take  advantage  of  Computer  Aided  Design  (CAD)  drawings  of  an 
asset,  whkli  arc  often  available  from  the  manufacturer.  However,  these  drawings  typically  are  not  discretized 
in  a  form  that  is  compatible  with  the  EM  field  computation  of  skin  currents  Fortunately,  at  least  one  CAD 
package,  called  ACAD,  has  developed  the  capability  to  discretize  a  surface  model  directly.  This  program 
provides  either  quadrilateral  patdes  for  Method  of  Moment  (MoM)  surface  patch  analysis  or  triangular 
patches  for  Shooting  and  Bouncing  Ray  (SBR)  analysis.  Once  discretized,  the  geometrical  description  of  thi 
asset  can  be  output  to  an  ASCII  file,  which  could  then  be  converted  to  a  format  compatible  with  the  geometry 
file  of  the  fields  code. 


III.  CIRCUIT  ANALYSIS 

l  or  back-door  HPM  coupling,  the  circuit  problem  o-’isists  of  effects  that  occur  at  microwave 
frequencies,  and  effects  that  occurs  at  the  lower  frequencies,  where  the  circuits  were  designed  to  operate.  We 
consider  here  only  the  effects  at  microwave  frequencies,  and  we  end  our  analysis  when  we  determine  a  device 
has  either  beer,  upset  or  damaged  The  system’s  response  to  that  upset  or  damage  can  then  be  determined  by  a 
systems  analyst. 

The  first  consideration  must  be  whether  to  cany  ait  the  analysis  in  the  time  or  frequency  domain. 
Time  domain  analysis  can  deal  with  non!  mean  ties,  but  it  is  more  complex  and  costly  to  perfomt.  Study  of 
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HPM  phenomena  to  due  indicates  that  the  problem  can  be  considered  linear  and  that  frequency  domain 
analysis  is  suitable 

Researchers  noted  during  damage  testing  that  the  signal  reflected  from  the  device  under  test  usually 
did  not  change  when  damage  occurred  Researchers  expected  to  see  the  reflected  power  change  when  the 
component  failed,  but  in  many-  cases  it  did  not.  The  nonlinearity  was  masked.  Researchers  conceived  a 
sensitive  experiment  to  determine  the  linearity  of  circuits  subjected  to  HPM  signals.  Figure  2  shows  a 
measurement  scheme  that  uses  the  wide  dynamic  range  of  a  spectrum  analyzer  to  determine  the  nonlinearity 
affecting  the  reflected  signal.  A  300-MHz  signal  was  incident  on  the  device  under  test,  a  74LSOO  N  AND  gate. 
A  directional  coupler  was  used  to  sample  the  signal  reflected  from  the  gate.  The  spectrum  analyzer  was 
connected  to  the  directional  coupler  and  was  set  to  sweep  the  frequency  range  covering  300  MHz  to  900  MHz. 
This  allowed  the  spectrum  analyzer  to  look  at  the  fundamental,  second  harmonic,  and  third  harmonic  reflected 
from  the  gate  under  test  By  using  such  arrangements,  it  has  been  observed  that  the  second  and  third 
harmonics  are  down  by  more  than  40  dB  from  the  primary  This  suggests  that  the  nonlinear  effects  arc  not 
critical  to  model 


Ct  ,x>n»nt  Non-Linaartty  Maaauremanta 


Figure  2.  Nonlinearity  measurement  system. 


These  data  raise  the  question  of  why  components  that  are  known  to  be  nonlinear  do  not  manifest  that 
nonlinearity  what  subjected  to  HPM  signals.  The  answer  appears  to  be  that  parasitic  capacitances  and 
inductances  associated  with  the  device  and  its  package  dominate  the  device  impedance  at  higher  frequencies. 
Input  impedance  measurements  have  been  made,  for  example  an  74 1  operational  amplifiers.  The  impedance  is 
high  at  normal  operating  frequencies  but  rolls  off  at  higher  frequencies.  In  bet,  at  high  frequencies  the 
impedance  looks  like  that  of  a  capacitor  up  to  about  1  3  GHz  where  a  resonance  occurs  and  it  begins  to  look 
inductive.  The  parasitic  inductance  and  capacitance  that  dominate  the  impedance  are  linear,  and  the  y  mask  the 
internal  nonlinearity.  Thus,  for  most  back  door  coupling  cases  the  affected  circuitry  can  be  treated  as  having  a 
linear  response  to  HPM  signals.  The  parasitic  capacitances  and  inductances  isolate  the  internal  non! irrean ties 
Thus,  frequency  domain  circuit  analysis  is  adequate  for  these  problems. 

Even  if  one  chooses  to  use  simple  linear  circuit  theory,  complications  can  arise  For  example, 
Figure  3  shows  the  impedance  of  a  common  ceramic  capacitor.  A<  low  frequencies  it  behaves  as  expected,  but 
at  higher  frequencies  it  docs  not  It  resonates  with  its  own  lead  inductance  and  internal  inductance  at  about 
60  MHz  and  acts  more  like  an  inductor  ax  higher  frequencies.  The  analyst  must  take  this  behavior  into  account 
when  applying  the  code  to  HPM  frequencies.  Note  that  simple  elements  adequately  model  this  behavior,  but 
more  elements  are  required  than  just  the  capacitor. 
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Figure  3.  Impedance  of  a  common  capacitor  (Hie  solid  line  is  magnitude  and  the  dashed  line  is  phase.) 


In  the  case  of  back  door  upset  most  analog  components  respond  with  square  law  response  when  the 
incident  HPM  signals  are  low.  That  is,  the  rectified  voltage  out  of  the  component  is  proportional  to  the  square 
of  the  incident  HPM  voltage.  An  older  of  magnitude  increase  in  the  HPM  voltage  results  in  a  two  order  of 
magnitude  increase  in  output  signal.  For  digital  components,  there  is  a  threshold  HPM  signal  that  causes  a 
change  of  state  at  the  output  Table  1  shows  the  typical  incident  HPM  power  required  to  cause  a  10- mV 
response  referred  10  the  input  for  analog  components  and  a  change  of  state  for  digital  components 


Table  1.  Nominal  response  data  for  common  components. 


Dada 

0.1  GHz 

0.2  GKz 

0.5  GHz 

10Hz 

2  GHz 

5  GHZ 

9  GHZ 

Family 

(dBW) 

(dBW) 

(dBW) 

(dBW) 

(dBW) 

(dBW) 

(dBW) 

TTL 

-17 

-17 

-17 

-M 

-11 

-7 

-3 

CMOS 

-in 

-10 

-10 

-10 

Linear 

-49 

-47 

-43 

40 

-32 

-27 

-2] 

GP  Si 

-49 

47 

-43 

AO 

-32 

-27 

-21 

XSTRS 

Ge 

-20 

-20 

-15 

-12 

-10 

-S 

-5 

XSTRS 

For  degradation  or  damage  .e  effect  can  be  considered  to  occur  when  a  threshold  power  or  energy  is 
reached  Absorbed  power  can  be  calculated  f~  ’he  incident  voltage  and  component  impedance  Table  2 
shows  typical  damage  thresholds  ror  common  <  oic  components. 
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Table  2.  Typical  damage  threshold!  lor  co 

Oman  components. 

Device  Family 

1  us  Pulse  Failure 
Power  (dBW) 

100  ns  Pulse  Failure 
Power  (dBW ) 

TTL 

20 

25 

CMOS 

23 

28 

Linear 

24 

29 

General  Purpose 

24 

29 

Transistors 

Medium  Power 

30 

35 

Transistors 

RF  Transistors 

20 

25 

Microwave  Mixer 

6 

6 

Diodes 


IV.  INTERPOLATION  OF  THE  DATA  USING  MODEL  BASED  PARAMETER  ESTIMATION 

When  me  calculates  a  response  parameter  in  the  frequency  domain,  one  typically  calculates  many 
move  frequencies  that  are  necessary  to  specify  the  curve.  One  docs  sc  because  'here  might  be  a  resonant  spike 
in  the  response  that  could  be  easy  to  miss.  The  problem  with  this  approach  is  that  it  is  expensive  to  sample  a 
large  number  of  points.  Furthermore,  even  after  going  through  the  effort  of  calculating  the  response  at  a  large 
number  of  points,  there  is  still  the  lingering  question  of  whether  it  was  enough 

The  ter-  Ique  of  MBPE  attempts  to  address  this  issue  from  a  physics-based  point  of  view  [5,6], 
When  using  tl  ,  -cchnrque  one  makes  assumptions  about  what  the  response  must  look  like,  and  then  one  fits 
the  sparsely  sampled  data  to  a  rational  function  model.  In  doing  so,  it  is  hoped  that  one  will  find  the  prominent 
features  of  a  response  curve  with  considerably  fewer  samples  than  would  otherwise  be  necessary 

The  MBPE  technique  arises  from  both  experimental  observation  and  from  recent  theoretical 
developments  Experimentally,  it  has  been  observed  for  some  time  that  if  an  object  is  illuminated  by  an 
impulsive  waveform,  then  the  resulting  currents  and  fields  tend  to  be  sums  of  damped  sinusoids. 
Theoretically,  the  Singuk  ity  Expansion  Method  (SEM)  arrives  at  much  the  same  conclusion  [7],  One  must 
be  cautious,  however,  because  in  some  cases  there  can  be  an  additional  contribution  to  the  response 
corresponding  to  the  driven  response,  which  cannot  be  represented  by  a  damped  sine,  and  must  be  accounted 
for  in  other  ways. 

The  MBPE  technique  therefore  assumes  a  observable  of  the  form 
N 

m  =  +  fnp(t)  (1) 

n-1 

where  s„  represents  tbe  //complex  poles  associated  with  the  damped  sines,  and  Rn  represents  their  residues,  or 
weightings.  The  subscript  "tip"  indicates  the  non-pole  portion  of  Ac  response,  and  it  often  corresponds  to  the 
driven  response.  In  most  cases,  this  is  assumed  to  be  either  very  small  or  zero,  however,  some  additional 
degrees  of  freedom  may  be  included  in  the  model  in  order  to  account  for  this  possibility. 

In  the  frequency  domain  one  can  express  th>s  model  as 

+  FrpU)  (2) 


F(s) 


N  R 
-  V 

FT  —  I 
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(3) 


Assuming  the  non-pole  portion  of  the  waveform  is  zero,  this  is  expanded  sls 

F(s)  _  NU)  _  NB+NlS  +  Nis1  +  -  +  NH-lsN-1 
'  J  '  D(s)  D0  +  DiS  +  DiS2  +  -•+  £>Ar_1/M  +  sN 
If  the  function  is  now  5  'tripled  at  the  pole  locations  sy,  one  obtains  in  sampled  form 

=  M>,)  (1) 

This  is  just  a  linear  set  of  equations  that  can  be  solved  for  the  Nn‘s  and  £>„’ s  ,  provided  that  there  are  at  least 
as  many  samples  as  there  are  unknowns. 

If  one  wishes  to  include  a  non-pole  portion  to  waveform,  this  is  typically  modeled  as 
R 

F„P(S)  =  £<V"  (5) 

m—Q 

Using  this,  eq‘-ation  (3)  is  recast  into  a  slightly  different  form,  but  one  still  solves  a  set  of  linear  equations  to 
obtain  the  coefficients.  Induriing  the  non-pole  part  of  a  solution  may  be  important  if  there  is  a  forcing  function 
(source)  in  the  observable.  The  non-pole  part  of  the  model  can  also  be  used  to  model  poles  that  are  far  outside 
the  modeled  frequency  range  Poles  where  r„  «  s  behave  approximately  as  1/s,  and  poles  where  sn  »  s 

behave  as  l/s„. 

Finally,  note  that  one  can  often  reduce  the  number  of  computations  by  calculating  the  derivative  of  a 
response  with  respect  to  frequency,  in  addition  to  the  response  at  that  frequency.  Often  the  derivatives  arc 
available  in  dosed  form  from  the  solutions,  and  this  capability  has  already  been  included  into  a  version  of 
NEC.  However,  if  one  must  couple  the  output  of  an  EM  fields  code  to  a  transmission  line  code,  generating  the 
frequency  derivatives  is  somewhat  more  complicated  If  the  validity  of  MBPE  can  be  demonstrated  for 
system-lewd  coupling  without  the  frequency  derivatives,  then  it  may  be  useful  to  study  the  possibility  of  even 
better  perf  v  .nance  by  including  frequency  derivatives  at  a  later  date 

La  us  consider  an  example  problem,  in  order  to  test  the  validity  of  MBPE  for  fields  in  a  cavity. 
Consider  the  problem  of  a  dosed  rectangular  cavity  with  conducting  walls  of  conductivity  5  .7xl07  mhos/m 
(Figure  4).  The  cavity  is  excited  by  a  dipole  near  one  end  of  the  waveguide,  located  at 
(0.54747,5.47,  2.735)  cm. 

tz 


t 

b  =  5.47  cm 

O' 

Figure  4.  The  resonant  cavity  to  be  analyzed. 

The  field  at  the  center  of  the  cavity  (£z)  was  calculated  and  plotted  at  six  frequencies.  A  rational 
function  model  was  then  fitted  to  the  data.  The  model  had  the  form 
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E,(s)  = 


(6) 


i>x 

w=0 _ 

Id»i"  +  s3 

n=0 

There  are  six  complex  unknowns  in  the  above  function  (the  Nn's  and  Dn' s),  so  cue  has  enough  information  if 
the  funeboa  EJs)  is  calculated  at  *ix  frequencies. 

The  fields  calculated  at  six  frequencies  are  shown  as  triangles  in  Figure  5.  These  data  were  then  used 
to  generate  the  six  unknown  coefficients  in  Equation  6,  and  the  resulting  model  function  is  shown  as  a  solid 
Line  i  Figure  5. 


1,350  1,400  1,450  1,500  1,550  1,500  1,550  1,700 

Frequency  (MHz) 

Figure  5.  A  comparison  of  a  MBPE  model  to  some  frequency  points  calculated  numerically.  The  data  points 
represented  by  triangles  were  used  to  generate  the  model,  which  is  represented  as  a  solid  line.  The 
round  dots  were  additional  frequency  points  calculated  numerically  to  check  the  validity  of  the 
model. 

The  final  step  in  the  analysis  is  to  calculate  some  extra  points  using  GEMACS,  and  verify'  that  they 
fill  on  the  calculated  model.  Ihe  additional  points  are  round  dots  in  Figure  6.  There  is  excellent  agreement 
between  the  model  (solid  line)  and  the  additional  calculated  frequencies  (round  dots).  Note  that  in  the  points 
used  to  create  the  model,  there  are  no  fields  larger  than  4  kV/m,  and  the  model  predicts  a  value  of  67. 1  kV/m 
at  1.51  GHz.  At  the  same  frequency,  GEMACS  predicts  70.2  kV/m,  so  the  ereor  in  the  model  near  a 
resonance  is  just  4%.  This  is  excellent  agreement,  and  it  shows  that  the  MBPE  model  performs  as  expected. 
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V  CONCLUSIONS 

A  wide  variety  of  tcchniq  ts  must  be  applied  in  order  to  address  the  system-level  EM  coupling 
problem.  This  article  presents  ar  approach  for  addressing  this  problem  at  lower  frequencies.  The  approach 
involves  a  combination  of  EM  fields  codes,  n.ulticonductor  transmission  line  codes,  and  circuit  codes,  all  in  the 
frequency  domain.  The  response  can  be  sampled  sparsely  in  the  frequency  domain  and  then  interpolated  using 
MBPE, 

A  review  of  how  to  simplify  the  circuit  analysis  was  provided.  A  review  of  model  based  parameter 
estimation  was  provided.  Results  were  obtained  for  the  case  of  fields  in  a  rectangular  cavity,  and  it  was  shown 
that  MBPE  interpolates  the  fields  with  quite  good  accuracy,  even  in  the  presence  of  sharp  resonances. 
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ABSTRACT 

The  original  'ersion  of  the  3D  MMP  code  Offers  several  features  for  EM  scattering.  Although  periodic 
structures  can  be  computed  without  any  modification  of  the  code,  two  new  features  are  required  in 
order  to  make  such  computations  efficient  and  user-friendly.  In  this  paper  we  discuss  the  problems  of 
previous  atempts  to  compute  periodic  structures  with  the  unmodified  3D  MMP  code  and  the  new 
features.  A  comparison  with  other  ted miques  shows  that  the  modified  version  of  3D  MMP  is  useful  for 
obtaining  very  accurate  and  reliable  results. 


INTRODUCTION 

The  3D  MMP  code  [1]  is  a  powerful  tool  for  numerical  electromagnetics  with  a  wide  range  of 
applications.  It  is  based  on  the  Generalized  Multipole  Technique  (GMT)  (2),  Lc.,  it  is  closely  related  to 
both  analytic  techniques  and  to  the  MoM,  Therefore,  3D  MMP  is  well  suited  when  high  accuracy  and 
reliability  is  desired.  Moreover,  the  3D  MMP  code  allows  to  easily  handle  lossy  dielectrics  with 
arbitrary  complex  permeability  and  permittivity  constants,  which  is  important  for  gratings  used  in 
optics. 

Recently,  the  method  of  fictitious  sources  [3]  and  similar  methods  [4]  have  successfully  been  applied  to 
periodic  structures.  These  methods  are  essentially  based  on  the  GMT  but  they  work  with  a  small  subset 
of  the  basis  functions  available  in  the  3D  MMP  code.  Thus,  one  would  expect  that  excellent  results  can 
be  obtained  with  3D  MMP.  Since  the  published  version  of  3D  MMP  version  was  not  designed  for 
periodic  structures,  the  brute-force  method  was  used  in  [5].  In  this  method,  a  periodic  structure  with 
infinitely  many  cells  is  replaced  by  a  similar  structure  with  a  finite,  but  large  number  of  cells.  Naturally, 
one  obtains  extremely  large  compulation  times  even  for  simple  examples.  A  more  sophisticated 
approach  works  with  Floquet  and  similar  theories.  This  requires  no  modification  of  the  code  and  allows 
one  to  imbed  3D  MMP  in  a  simple  Floquet  environment.  Unfortunately,  the  convergence  of  these 
techniques  is  so  bad  that  the  computation  still  is  completely  inefficient. 
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PERIODIC  B  ASIS  FUNCTIONS 


In  the  GMT,  the  EM  field  is  approximated  by  a  series  expansion  of  the  following  form: 

K 

Field  =  J  Ak  field  k  +  Error  (l) 

k=l 


The  basis  field  functions  field i  fulfil  the  Maxwell  equations  inside  a  homogeneous  domain.  The 
parameters  Ak  air  computed  from  the  boundary  conditions.  3D  MMP  offers  many  different  types  of 
basis  (field)  functions.  Due  to  the  numerical  properties,  multipole  functions  are  favoured.  Different 
types  of  basis  functions  are  often  mixed. 

For  periodic  structures,  one  can  use  the  same  expansion  with  periodic  basis  functions.  If  all  basis 
functions  are  appropriate  periodic  functions,  the  boundary  conditions  have  to  be  matched  in  one  single 
cell  of  the  periodic  structure  and  the  boundary  conditions  in  all  other  cells  will  be  automatically 
matched.  One  easily  can  construct  periodic  multipole  functions.  Such  functions  consist  in  an  array  of 
multipoles  at  different  locations.  The  amplitudes  of  the  different  multipoles  are  computed  from  the 
direction  of  the  incident  plane  wave.  The  number  of  the  multipoles  of  such  an  array  is  infinite.  Thus, 
one  either  has  to  find  an  analytic  solution  for  the  infinite  array  or  one  has  to  truncate.  An  analytic 
solution  is  known  for  monopoles,  it.,  zero  order  multipoles,  but  it  is  missing  for  general  multipoles  and 
other  basis  functions  implemented  in  3D  MMP. 

A  truncated  series  of  Multipoles  with  different  amplitudes  can  be  introduced  in  3D  MMP  by  means  of  a 
special  feature,  called  meta  expansions.  I.e.,  no  modification  of  the  code  is  required  for  testing  periodic 
arrays  of  multipoles.  Although  this  is  encouraging,  the  result  is  disappointing  -  as  one  might  have 
known  in  advance.  The  convergence  of  the  series  is  so  slow  that  a  huge  number  of  mullipolcs  has  to  be 
computed  for  obtaining  a  reasonable  accuracy.  I.e.,  periodic  multipole  functions  are  inefficient. 

From  the  solution  of  Maxwell's  equations  in  Cartesian  coordinates,  one  finds  another  set  of  periodic 
functions,  the  very  well  known  Rayleigh  expansions.  These  periodic  basis  functions  are  plane  waves  and 
evanescent  plane  waves.  They  can  easily  be  computed  and  are  available  in  the  original  version  of  3D 
MMP.  If  many  terms  of  the  Rayleigh  series  have  to  be  separately  defined  by  ihcse  functions,  the  user 
has  to  perform  time-consuming  and  tedious  work.  For  this  reason,  Rayleigh  expansions  have  been 
introduced  as  new  basis  functions  in  the  code.  These  expansions  are  used  to  expand  the  reflected  and 
transmitted  EM  field,  but  they  are  known  to  be  incomplete  for  modelling  the  entire  EM  field  of  a 
general  periodic  structure. 

Although  one  can  model  periodic  structures  with  a  mixture  of  Rayleigh  expansions  and  periodic  a  t  rays 
of  monopoles,  this  approach  is  not  satisfactory  for  MMP  users  who  like  to  take  advantage  of  the  entire 
palette  of  basis  functions  available  lor  general  EM  scattering  problems.  Since  the  implementation  of  the 
corresponding  basis  function  is  cumbersome  and  inefficient,  a  different  approach  is  proposed  in  the 
folio  wing 
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PERIODIC  BOUNDARY  CONDITIONS 


The  GMT  is  a  pure  boundary  method.  It  is  well  known  that  domain  methods  such  as  finite  elements 
usually  work  with  simpler  types  of  basis  functions  that  cause  less  numerical  problems.  Thus,  we  might 
be  tempted  to  entirely  abandon  the  GMT  in  order  to  avoid  the  severe  problems  with  the  basis  functions 
discussed  in  the  previous  section.  But  we  can  solve  our  problems  by  a  small  step  into  the  direction  of  an 
entire  discretization  of  the  domains  by  subdividing  a  homogeneous  domain  into  subdomains  with 
different  basis  field  functions  inside  each  subdomain.  This  requires  the  matching  of  the  EM  field  on  the 
"fictitious’'  boundaries  between  the  subdomains.  In  3D  MMP,  fictitious  boundaries  can  easily  be 
introduced  without  any  modification  of  the  code.  For  periodic  structures,  such  boundaries  are  useful  for 
separating  the  space  where  reflected  and  transmitted  EM  waves  are  modelled  with  Rayleigh  expansions 
from  the  rest  of  the  structure  This  is  illustrated  in  Figure  1 . 


incide 

wave 


reflected  Rayleigh  expansion 
7\ 

/  fictitious  boundary 


transmitted  Keileigh  expansion 


Figure  1 :  Fieri rioor  boundaries  ire  introduced  fur  separating  the  periodic  structure  and  the  area  ol  the  reflected  and 
tr uunuticd  Rayleigh  expansions. 


Obviously,  one  also  can  introduce  fictitious  boundaries  for  separating  the  different  cells  of  the  periodic 
structure.  On  these  boundaries,  the  EM  field  has  to  fulfil  the  following  periodic  bound-try  conditions. 


Field(r  +  d)  =  C-  Field(r)  (2) 

where  d  is  the  vector  that  shifts  a  point  in  one  cell  to  the  corresponding  point  in  the  neighbour  cell  and 
C  is  a  constant  computed  from  the  incident  wave.  Periodic  boundary  conditions  have  been  implemented 
in  3D  MMP  as  a  new  feature.  This  technique  is  illustrated  in  figure  2.  In  order  to  obtain  liigh  flexibility, 

one  can  introduce  periodic  boundary  conditions  with  different  vectors  d .  Up  to  3  different  periodic 
boundary  conditions  can  be  defined  in  3D  MMP.  The  constant  C  can  either  be  defined  by  the  user  or  it 
can  he  computed  automatically  if  the  incident  field  is  a  plane  wave. 


JOS 


reflected  Rayleigh  expansion 
fictitious  boundary 


\fictiliom  boundary 
transmitted  Reiieigh  expansion 


Figure  2:  Periodic  boundaries  ire  introduced  to  isolate  a  cell  of  tbe  periodic  structures  from  its  neighbours.  The  periodic 
boundary  ooxUUcu  (2)  must  be  fulfilled  on  ibe  dashed  boundary  only.  In  tbe  periodic  boundary  oottdllioo,  the  information 
of  tbe  field  on  the  dotted  neighbour  boundary  is  also  required.  Only  the  field  in  one  cell  is  explicitly  modelled  by 
muliipoies  and  other  expansions.  After  (be  solution  of  the  problem,  the  field  in  all  other  cells  is  obtained  by  a  simple 
iransformatkm. 


Fictitious  boundary  conditions  and  periodic  boundary  conditions  allow  to  isolate  a  single  cell  of  the 
periodic  array.  Tbe  EM  firld  is  approximated  inside  this  cell  according  to  (1).  In  the  area  of  reflected 
and  transmitted  Rayleigh  expansions,  Rayleigh  expansions  are  most  reasonable  and  simple  for  modelling 
the  EM  field.  It  would  I  -  possible  to  apply  other  periodic  basis  1  unctions  in  these  domains  but  one 
usually  is  interested  m  the  Rayleigh  terms  themselves.  Furthermore,  the  convergence  of  these 
expansions  is  excellent  if  the  fictitious  boundaries  are  sufficiently  far  away  from  die  periodic  structure. 
Incidentally,  neither  the  location  nor  tbe  shape  of  the  fictitious  boundaries  and  of  the  per  iodic 
boundaries  are  unique.  Straight  lines  (planes  in  3D)  are  preferred  because  of  their  simplicity.  The 
fictitious  boundaries  can  be  shifted  in  order  to  obtain  more  information  on  the  stability  and  reliability  of 
the  results. 


This  technique  is  closely  related  to  die  technique  that  had  successfully  been  applied  to  waveguide 
discontinuities  [7],  Instead  of  the  Rayleigh  expansions  one  has  waveguide  modes  for  modelling  the 
reflected  and  transmitted  waves  in  waveguides.  Fictitious  boundaries  are  used  to  separate  the 
discontinuity  from  the  undisturbed  waveguides.  Periodic  boundary  conditions  are  not  required  although 
the  field  in  rectangular  waveguides  is  periodic  (MMP  is  not  restricted  to  rectangular  waveguides).  Tlie 
geometry  of  waveguide  discontinuities  can  be  very  complex.  Ii  the  simplest  case,  the  relation  to  the 
modelling  of  periodic  structures  is  obvious  (see  Figures  2  and  3). 

The  introduction  of  the  fictitious  boundaries  is  somehow  ambiguous.  If  the  fictitious  boundaries  are 
very  close  to  the  structure,  the  length  of  the  periodic  boundaries  is  small  and  the  numbri  of  basis 
functions  for  modelling  the  discontinuity  is  also  small.  But  in  this  case,  the  number  of  orders  of  the 
reflected  and  transmitted  waves  can  be  large.  If  the  fictitious  boundary  is  moved  away  from  the 
discontinuity,  the  number  of  orders  can  be  reduced  because  the  higher  orders  are  exponentially  damped 
in  the  direction  perpendicular  to  the  structure.  So  far,  no  essential  problems  for  setting  the  fictitious 
boundaries  have  been  encountered,  in  contrary,  using  luflcicui  models  with  different  fictitious 
boundaries  is  helpful  for  testing  the  stability  and  accuracy  of  the  solution. 
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No  information  of  the  EM  field  in  the  neighbour  cells  is  required  for  the  computation  of  the  EM  field  in 
one  cell  with  periodic  boundary  conditions.  Once  the  EM  field  is  known  in  one  cell,  one  obtains  the 
field  in  the  neighbour  cells  by  a  simple  transformation  that  is  essentially  the  same  as  the  one  used  for 
defining  the  periodic  boundary  conditions  (2J. 


A  SIMPLE  TEST  CASE 

A  simple  grating  consisting  of  wires  with  a  rectangular  cross  section  (see  Figure  4)  and  a  complex 
refraction  index  n=0.3+8i  has  been  computed  in  [8,9]  with  very  different  numerical  methods  If  one 
compares  the  measured  cross  section  of  such  gratings,  one  can  recognize  that  the  rectangular  shape 
with  ideal  comers  is  a  considerable  simplification.  This  sirapfification  is  required  by  several  methods,  for 
example,  modal  expansions.  On  ideal  conductors  the  sharp  edges  would  cause  a  singularity  of  the  field. 
For  the  lossy  conductors  in  the  model  one  still  obtains  very  high  ek  ctric  fields.  In  codes  that  are  able  to 
accurately  compute  the  EM  field  on  the  surface  of  any  domain,  this  can  cause  numerical  problems  In 
the  MMP  model,  rounded  edges  were  used  in  order  to  obtain  more  reliable  results.  Incidentally,  such 
models  are  more  realistic. 


idealized  model  MMP  model 


Figure  4:  IdeilUal  model  used  by  several  methods  and  MMP  model  with  rounded  edges  fa  estimating  the  ermr  made  by 
the  ideal ! ration  The  following  data  were  used  in  [8]:  d-lpm,  a=0,5fnji,  ted)  4pm,  Xwl.Spm,  n-O.T+81,  f>“!) 
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Among  the  methods  compared  in  [8,9],  die  modal  method  [10]  is  considered  to  be  most  accurate. 
When  the  radius  r  of  the  curvature  of  the  edges  in  the  MMP  model  is  very  small,  the  results  of  the 
MMP  computation  are  closer  to  the  results  of  the  modal  method  than  the  results  of  any  of  the  other 
methods.  For  example,  the  transmitted  O-order  efficiency  for  the  s-polarization  computed  with  the 
modal  method,  the  modal-SIBC  and  Lochbihler's  method  is  0.76785,  0.76501,  0.764979  respectively. 
Two  different  MMP  models  with  r/d-0.01  led  to  the  values  0.76647  and  0.76684.  The  first  of  these 
models  was  relatively  rough  and  inaccurate  with  a  nunimnm  mismatching  of  about  9%.  Thus,  one  can 
conclude  that  very  accurate  results  are  obtained  with  3D  MMP. 

It  seems  that  MMP  allows  to  achieve  any  desired  accuracy  if  the  radius  is  sufficiently  small  (r/d=0.01  is 
still  too  large  for  obtaining  an  accuracy  of  more  than  3  digits!)  and  if  the  discretization  is  sufficiently 
fine,  but  for  obtain  lug  an  accuracy  of  several  digits  for  the  efficiencies,  the  computation  time  can  be 
quite  lorg  ( Severn]  hours  on  a  PC  for  one  single  run  with  a  fixed  frequency,  fixed  excitation,  etc.).  For 
realistic  values  of  the  radius  r,  one  can  obtain  fast  and  accurate  MMP  results.  If  one  compares  the 
efficiencies  in  function  of  the  radius  r,  one  finds  that  the  influence  of  this  parameter  it'  far  from  being 
negligible  (see  also  Figure  5).  For  example,  for  r/d»0.02  the  transmitted  0-otder  efficiency  foi  the  s- 
polarization  is  already  0.7425.  From  a  comparison  of  several  MMP  models  it  is  assumed  that  all  4  digits 
are  exact 


8E-1- 

4E-1- 


0  1  El 5  angular  frequency  [1/s]  ZEIS  3E15 

Figure  5 :  0-wder  efficiencies  (tap  and  middle)  versus  angular  frequency  to  for  the  MMP  models  illustrated  in  figure  4  for 
r/d-0,025,  0.05,  0.1,  $-45°,  complex  refraction  index  n-0.348i.  Relative  error  t-Ae(U.O5)-c(U.025))/te<0.O5)+e(0.025)) 
of  die  0  order  reflected  efficiencies,  where  e(0.05)  is  ihc  U  order  reflected  efficiency  for  r/d»0,05. 
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SURFACE  IMPEDANCE  BOUNDARY  CONDITIONS  (SIBC) 

Several  numerical  methods  seem  to  have  problems  with  the  material  properties  of  the  conductors.  For 
avoiding  such  problems.  Surface  Impedance  Boundary  Conditions  (SIBC)  are  applied  by  some  authors. 
The  value  and  problems  of  SIBC  shall  not  be  discussed  in  this  paper  but  it  should  be  mentioned  that 
such  boundary  conditions  are  available  in  the  3D  MMP  code  upon  request.  Thus,  one  can  easily 
compare  MMP  computations  with  and  without  SIBC.  Introducing  SIBC  into  a  3D  MMP  model  has  the 
following  effect:  the  number  of  boundary  conditions  on  the  conductor  is  reduced  and  the  field  inside  the 
conductor  is  not  approximated  by  a  series  expansion  anymore.  Thus,  the  size  of  the  matrix  to  be  solved 
and  the  computation  lime  can  considerably  be  reduced.  Some  results  are  presented  in  Figure  6. 
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Figure  6:  Efficiency  venui  angular  frequency  Cl  3D  MMP  compulation  of  the  grating  Illustrated  in  figure  4  for  rAWl.Oj. 
<^45°,  complex  refraction  Index  n— 0.3+8i.  Comparison  of  three  models:  1)  exact  compulation  (real  cunductur),  2) 
simplified  model  with  SIBC  on  the  conductor,  3)  idealized  model  with  an  ideal  conductor. 

The  ID  MMP  results  obtained  with  the  SIBC  are  much  better  than  the  results  obtained  with  an  ideal 
conductor.  The  accuracy  obtained  with  SIBC  obviuosly  is  high  for  frequencies  above  the  first 
resonance.  It  is  important  to  not*  that  the  complex  refraction  index  is  cc  istani  in  these  computations. 
This  assumption  is  neither  realistic  nor  necessary  for  the  3D  MMP  compulation.  It  has  been  used 
because  the  frequency  dependence  of  the  refraction  index  was  not  available. 
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REMARKS  ON  THE  EFFICIENCY  OF  THE  NUMERICAL  TECHNIQUE 


The  introduction  of  fictitious  boundaries  and  of  periodic  boundaries  is  most  important  for  obtaining 
high  flexibility  and  user-friendliness.  Obviously,  these  boundaries  increase  the  total  length  of  the 
boundaries  to  be  discrcti  ed.  Periodic  basis  field  functions  would  allow  to  compute  periodic  structures 
without  these  idditional  boundaries.  Thus,  one  is  tempted  to  assume  that  this  could  be  an  even  more 
efficient  approach,  provided  that  efficient  algorithms  for  the  evaluation  of  the  periodic  basis  functions 
are  found.  This  might  be  true  for  such  cases  where  the  fictitious  boundaries  are  much  longer  than  the 
real  boundaries.  But  one  should  not  forget  that  introducing  fictitious  boundaries  often  allows  to 
increase  the  error  on  these  boundaries  and  to  reduce  the  error  on  the  real  boundaries  at  the  same  time. 
This  means  that  one  car.  obtain  more  balanced  errors  and  that  one  can  reduce  not  only  the  number  of 
equations  on  the  real  boundaries  but  also  the  total  number  of  equations.  I.c.,  introducing  appropriate, 
"unnecessary"  fictitious  boundaries  can  make  MMP  models  more  efficient.  A  longer  total  length  of  all 
boundaries  does  not  always  require  a  higher  total  number  of  equations  and  expansions.  A  typical 
example  can  easily  be  found  in  the  simple  model  discussed  above.  If  the  fictitious  boundary  is  very  close 
to  the  surface  of  the  rectaugulai  wires,  the  field  has  (almost)  singular  points  on  the  fictitious  boundary. 
Consequently,  the  convergence  of  the  Rayleigh  expansion  is  very  bad  and  many  orders  are  required  for 
obtaining  useful  r  subs.  To  compute  many  unknown  parameters  in  the  Rayleigh  expansion,  a  very  fine 
discretization  of  the  fictitious  boundary  is  required.  If  the  fictitious  boundary  is  moved  away,  the  total 
length  of  all  boundaries  is  increased.  At  the  same  time,  the  field  on  the  fictitious  boundary  becomes 
smoother,  much  fewer  Rayleigh  terms  are  required,  and  a  much  rougher  discretization  is  sufficient  for 
obtaining  the  same  accuracy. 
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Abstract 

Physical  optics  models  were  developed  for  scattering  of  HF  radiation  by  irregular  terrain 
when  an  antenna  is  located  on  or  near  the  scattering  surface.  The  primary  interest  was  in  skywave 
radiation  patterns  for  communication  links  using  the  ionosphere.  Second-order  reflections  were 
included  in  the  solution  through  an  image  approximation,  and  the  UTD  resull  for  an  impedance 
half-plane  was  used  to  reduce  reflections  due  to  truncating  the  current  distribution  on  the  surface. 
Arbitrary  2-D  or  3-D  terrain  profiles  can  be  entered  ir‘o  the  codes,  and  the  source  can  be  an 
antenna  with  currents  generated  by  the  NEC  method-of-moment  i  code  or  a  point  source  Results 
were  validated  by  comparing  with  2-D  integral  equation  solutions  for  actual  terrain  contours. 


1.  INTRODU  CTI( 

The  scattering  of  HF  radiation  by  irregular  terrain  is  difficult  to  model  due  to  the  size  of 
the  region  involved  and  the  variety  of  conditions  that  may  occur.  Also,  the  terrain  scattering 
depends  on  the  radiation  pattern  of  the  antenne,  which  itself  may  present  a  difficult  modeling 
problem.  Several  techniques  for  modeling  terrain  effects  were  considered  in  a  previous  study  [1) 
rnd  can  be  divided  into  solutions  based  on  integrating  induced  sources  over  the  ground  surface, 
ray-based  methods  of  geometrical  optics  or  G'iD/UTD  and  differential  equation  solutions,  A  3D 
geometrical  optics  model  for  terrain  scattering  was  described  in  [1],  and  related  investigations 
have  been  conducted  by  Breakall  et  al.  [2]  of  UTD  models  and  by  Janaswamy  [3,  4]  of  integral 
and  differential  equation  techniques. 

This  report  describes  the  development  and  validation  of  physical  optics  (PO)  models  for 
scattering  of  HF  radiation  by  two-  and  three-dimensional  terrain  surfaces.  Results  of  some  initial 
PO  calculations  for  terrain  scattering  were  included  in  |5].  It  has  since  been  found  that  in  order 
to  get  accurate  results  when  the  antenna  is  located  on  the  irregular  terrain  it  is  necessary  to 
invoke  reciprocity  to  put  the  source  at  the  distant  receiver  location  and  evaluate  the  field  at  the 
original  antenna  location  r.ea1  ground.  In  addition,  second-order  reflections  in  the  vicinity  of  the 
antenna  and  receiver  were  found  ■  ?  important.  Reflected  and  diffracted  fields  from  the  UTD 
solution  for  an  impedance  half-plane  were  added  to  the  model  to  reduce  ripple  in  the  radiation 
patterns  that  would  result  from  truncating  the  PO  currents  on  the  surf  ace.  This  last  extension 
saves  computation  iime  by  reducing  the  range  over  which  the  PO  currents  must  be  integrated. 

*  Work  performed  under  -he  auspices  of  the  U.  S.  Department  of  Energy  by  the  Lawrence  Livermore 
National  Laboratory  uufer  Contract  W-740S-Eng-48. 
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Fig.  1.  Coordinates  for  the  2-D  model  of  the  terrain  surface. 


The  PO  codes  will  model  a  terrain  with  an  arbitrary  elevation  profile  by  interpolating  between 
input  elevation  values,  and  the  transmitting  antenna  can  be  a  point  or  line  source  or  segment 
coordinates  and  current  values  from  a  modified  version  of  the  NEC-MoM  code. 

The  development  of  the  PO  models  for  2-D  and  3-D  terrain  scattering  is  briefly  described 
in  Section  2  of  this  paper.  Also,  a  code  for  solving  the  Fredholm  integral  equations  (MF1E  for 
vertical  polarization  and  EPIE  for  horizontal  polarization)  was  developed  to  validate  the  PO 
models,  and  this  solution  is  described  in  Section  3.  Section  4  contains  some  results  generated 
to  validate  the  codes.  A  more  complete  description  of  the  PO  and  integral  equation  models  and 
additional  examples  for  validation  are  contained  in  [6]. 

2.  THE  PHYSICAL  OPTICS  MODEL 

For  thr  2-D  i.T'Ocl  V'ii  uv.  jn  surface  will  be  assumed  to  vary  in  height  in  the  x  direction 
■  ’  ~  -  h,v'.)  mb  I'S  (.."istant  in  the  y  direction,  with  surface  normal  n  and  tangent  vector  6  as 
shown  in  Figure  1.  The  lossy  ground  is  characterized  by  relative  permittivity  er  and  conductivity 
<r,  and  these  parameters  may  be  functions  of  x.  Also  needed  are  the  wavenumber  in  air  Aq  = 
and  in  the  earth  kg  =  ko \fig  where  ig  =  tr  -  j cr/cveo-  The  wave  impedances  in  air  and 
earth  are  po  =  \J wi/eo  and  =  pg/^/cJ,  respectively,  and  the  time  dependence  e;u,‘  is  assumed. 

In  PO  the  current  at  each  point  on  the  surface  is  determined  by  the  direct,  incident  field  from 
the  source  with  the  assumption  that  the  field  reflects  as  it  would  from  an  infinite  plane  tangent 
to  the  surface  at  that  point.  Hence  PO  is  sometimes  called  the  tangent-plane  approximation.  On 
a  lossy  surface  an  impedance  boundary  condition  is  enforced  and  reflected  fields  are  determined 
by  the  Fresnel  plane- wave  reflection  coefficients,  At  points  shaded  from  direct  illumination  by  the 
source  the  PO  currents  are  assumed  to  be  zero.  An  arbitrary  incident  field  can  be  decomposed 
into  TE  and  TM  components,  and  in  2-D  these  components  are  not  coupled  by  scattering.  It 
is  possible  to  solve  two  scalar'  scattering  problems  for  the  transverse  field  components,  but  the 
vector  electric  field  will  be  computed  since  that  is  the  field  most  often  measured.  While  the 
measurement  points  will  he  in  the  far  field  of  the  antenna,  they  may  not  be  in  the  far  field  of  the 
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terrain  scattering  surface,  so  E/H  =  jjo  cannot  always  be  assumed. 


If  the  incident  fields  at  point  (z,  i,)  on  the  surface,  where  z,  =  h,(x),  are  E'(x,z,)  and 
H*(i,Zj)  the  equivalent  surface  currents  given  by  the  PO  approximation  are 


Ktm(z)  =•  -  h  x  E^x, zs)  =  -(1  -  [E’(i, z,)  •  8]  y  (1) 

Jtm(i)  =n  x  z,)  =  -(1  +  flTM)  [H'(l, z.)  ■  y]  s  (2) 

for  TM  polarization  end 

KteO)  =  -  n  x  Eq-E(i,  z.)  =  (1  +  fiTE)  [E' (x,  z,)  ■  y]  s  (3) 

jTe(x)  —n  X  H‘te(x,  *4)  =  (1  -  Rte)  [»(*,  z,)  ■  S]  y  (4) 


for  TE  polarization,  where  E‘  and  H1  are  the  total  surface  fields.  The  reflection  coefficients  are 
given  by  [7] 

„  _  «■,«  A0cosdi-fc9CC.se! 

Rte  =  BJ/EJ  =  ^ (o) 


and 


Rtm  ■ 


fco  cos  ef  +  ks  cos  di 
k9 cos di  -  fcocosdi 


(6) 


k3  cos  dj  +  fco  cos  di 

where  the  angle  di  is  between  the  incident  ray  and  the  normal,  so  that  cos  di  =  — r»  •  n,  and  dr  is 
the  complex  angle  of  the  ray  transmitted  into  the  ground 


cos  di  =■  [l  -  (fco/fcj)2  sin2  di] 1/2  . 
The  total  surface  currents  are  then 


K{x)  -  Ktk(z)  +  Ktm(^) 

J(r)  =  Jte(*)  +  JtmW 

over  illuminated  parts  of  the  surface.  The  scattered  field  is  obtained  by  integrating  over  the 
surface  currents  as 

E*(x,z)  -  -jun  [  2 i‘c(r , r')  ■  J(x')  ds'  +  H  VGc(r,r’)  x  Kr/)ds'  (7) 

Jz\  Jll 

where  ds1  is  the  element  of  length  on  the  surface  ds*  =  v/l  +  |/i'  (x')]7  dx!  and  f  c(r,  r')  is  the 
dyadic  Green's  function  In  two  dimensions 

rc(r,r')  =  (U^Vv)ce(r,r') 

GA  r,r')  =^f/«(fc|r-r'|) 

where  2*  =  zrk  +  zz  is  the  vector  to  the  field  evaluation  point,  r'  =  r'x  4-  /i,(V)z  is  the  vector  to 
the  source  point  on  the  surface  and  is  the  Hankel  function.  The  limits  Xi  and  X2  should  be 
positive  and  negative  infinity,  but  in  practice  the  integral  is  truncated  at  points  beyond  which  the 
contributions  are  negligible. 
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In  the  direct  application  of  PO  the  antenna  on  the  ground  produoes  fields  over  the  terrain 
thi't  determine  the  currents  in  equations  (1)  through  (4).  Significant  scattering  is  expected  from 
points  over  the  irregular  terrain  and  also  from  the  ground  near  the  antenna  even  if  it  is  flat.  Fields 
that  reflect  from  the  ground  under  the  antenna  and  then  are  scattered  by  the  terrain  irregularities 
can  also  be  important,  and  these  represent  second-order  scattering  terms.  A  second-order  PO 
solution  would  require  much  more  computation  than  first-order,  or  else  difficult  decisions  about 
which  terms  to  retain.  However,  when  the  antenna  is  located  over  fiat  ground  the  PO  integral 
can  be  stopped  over  the  fiat  region  between  the  antenna  and  a  mountain,  where  the  contribution 
is  small,  and  the  direct  and  reflected  rays  from  *he  antenna  that  illuminate  the  mountain  can  be 
obtained  from  geometric  optics.  This  GO/PO  model  gave  better  accuracy  than  simple  first-order 
PO.  However,  it  cannot  easily  be  extended  to  the  case  of  an  antenna  located  on  the  mountain. 
Also,  PO  is  not  accurate  for  an  antenna  near  the  surface  of  finitely  conducting  ground,  even  flat 
ground,  unless  the  solution  is  modified  to  use  the  accurate  near  field  over  the  ground,  involving 
Sommerfeld  integrals  ■  r  approximations. 

To  avoid  these  difficulties  reciprocity  was  invoked  to  make  the  distant  receiver,  sweeping  an 
arc  in  the  sky,  the  source  of  E‘  and  fr  in  equations  (1)  through  (4).  The  scattered  field  at  a  test 
dipole  at  the  antenna  Location  near  ground  is  then  evaluated  using  the  near-field  form  of  equation 
(7)-  To  approximate  the  field  that  scatters  from  the  terrain  and  then  is  reflected  again  from  the 
ground  near  the  antenna,  the  field  is  also  evaluated  at.  the  image  of  th.  test  dipole  reflected  in  a 
plane  tangent  to  the  ground  under  the  antenna.  Since  the  equivalent  currents  in  equations  ( 1 ) 
tlirough  (4)  were  obtained  with  the  assumption  of  zero  field  behind  the  surface,  the  evaluation 
at  the  image  point  should  yield  zero  field  if  only  first-order  scattering  occurs.  The  actual  field 
evaluated  at  the  image  point  will  include  fields  that  have  scattered  once  from  the  terrain  before 
passing  through  the  surface  and  also  errors  due  to  truncation  of  the  PO  integrals  and  curvature 
of  the  surface.  When  the  field  at  the  test  dipole  and  its  image  are  combined  these  errors  can  be 
partially  canoelkd  for  horizontal  polarization  where  they  are  often  mi  .t  significant. 

The  field  evaluated  at  the  image  of  the  test  dipole  is  assumed  to  actually  reflect  from  the  sur  ¬ 
face  and  reach  the  antenna  location,  and  hence  should  be  multiplied  by  the  appropriate  reflection 
coefficient  before  being  added  to  the  direct  field.  However,  the  angle  of  incidence  needed  in  the 
reflection  coefficient  is  not  known  since  the  field  has  an  integral  rather  than  a  ray  representation. 
To  approximate  the  angle  of  incidence  the  terrain  is  initially  searched  to  determine  the  average 
angle  for  all  points  on  the  terrain  than  can  be  seen  from  the  location  of  the  image  test  dipole.  This 
angle  is  not  allowed  to  be  less  than  about  10  degrees  to  avoid  negative  angles  when  the  antenna  is 
on  top  of  a  mountain.  In  such  a  case  the  second-order  reflection  would  actually  take  place  on  the 
side  of  the  mountain  with  a  positive  angle,  but  an  accurate  configuration  could  not  be  determined 
without  ray  tracing.  Despite  these  approximations,  the  inclusion  of  the  image  field  was  found  to 
significantly  improve  the  accuracy  in  the  cases  tested.  The  field  due  to  the  image  of  the  distant 
source  (original  receiver)  is  also  included  in  the  incident  fields  in  equations  (1)  through  (4)  when 
it  illuminates  the  front  of  the  scatter  n*  surface 

The  final  addition  to  the  PO  model  was  to  include  the  fields  reflected  and  diffracted  from  half¬ 
planes  extending  from  the  limits  of  the  PO  integral  to  negative  and  positive  infinity.  The  UTD 
solution  for  an  impedance  half  plane  by  Volakis  [8]  was  used.  UTD  does  not  provide  a  seamless 
transition  from  the  PO  solution  due  to  the  different  edge  treatments.  However,  the  inclusion  of 
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Fi*.  2.  Illustration  of  tha  components  treated  In  the  PO  model,  including  reflection  and  diffraction  from  the  UTD 
half-planae. 

the  UTD  haif-planes  does  provide  a  substantial  reduction  in  the  ripple  in  the  radiation  pattern 
due  to  truncation  of  the  PO  integral.  The  terms  included  in  the  final  PO  model  are  illustrated  in 
Figure  2.  The  extension  of  the  2D  PO  model  to  3D  is  straight  forward,  with  the  UTD  half-planes 
replaced  by  a  frame  formed  by  four  half-planes. 

3.  THE  2-D  INTEGRAL  EQUATION  MODEL 

integral  equation  solutions  for  the  current  on  the  terrain  surface  were  developed  as  a  means  to 
check  the  validity  of  the  PO  results  and  also  were  invaluable  for  determining  which  contributions 
were  important  in  developing  the  PO  model.  The  MFIE  was  solved  for  vertical  polarization  and 
the  EFIE  for  horizontal  polarization  [9]  with  an  impedance  boundary  condition  over  the  surface. 
For  TE  polarization  the  equation  for  the  magnetic  surface  current  K,  is 

£■»  =  jJM*)  -  jf ' K,(x')  (-jcup/r,,  +  Cc(r,r')  (z  •  n')-1  <&'  (8) 

where  xm  <  x  <  x„  and  dGc/dn'  -  n'  ■  V'Gr  The  equation  for  TM  polarization  is  related  to 
(8)  through  duality,  so  only  one  code  is  needed.  The  only  difference  in  the  solutions  is  that  the 
source  of  E?y  in  (8)  will  be  an  electric  line  current  in  the  y  direction,  while  the  source  of  ffj  for 
TM  polarization  will  be  a  strip  of  vertical  electric  current  J,  extending  over  -  no  <  y  <  no. 

The  integral  equations  were  solved  by  the  method  of  moments  with  pulse  expansion  of  the 
current  and  point  matching.  To  reduce  reflections  in  the  solution  at  the  ends  of  the  integration 
range  the  first  and  last  pulse  basis  functions  were  extended  to  negative  and  positive  infinity, 
respectively.  The  extensions  used  functions  of  the  form  expj— _?klij(x)]/rt7(a.'),  where  R,{x)  is  the 
distance  from  the  source  antenna  to  the  point  (i,  z,)  on  the  surface,  and  the  exponent  n  was  Linen 
as  1/2  for  vertical  polarization  and  3/2  for  horizontal  polarization.  The  integration  contours  to 
infinity  were  deformed  into  the  complex  z  plane  to  obtain  rapid  convergence.  This  extension  of 
the  basis  functions  essentially  eliminated  reflections  in  the  solution  for  current.  However,  a  similai 
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Fix-  3.  Terrain  profile  for  tire  Cedar  Valley,  Utah  aite. 

extension  of  the  current  in  computing  the  radiated  field  is  more  difficult  since  the  integration  in 
the  compli  t  ,r  plane  could  enoounter  branch  cuts.  Hence  the  current  was  truncated  r.t  x,a  and  xp 
in  computing  the  radiated  field,  producing  some  ripple  in  the  pattern  unless  the  limits  extended 
sufficiently  far  from  the  source. 

4.  RESULTS  AND  VALIDATION 

To  validate  the  PO  model  and  the  independent  work  reported  in  [2] ,  [3]  and  [1| ,  measurements 
have  been  made  of  the  radiation  from  antennas  in  hilly  terrain  at  a  site  in  Utah  [10],  The  terrain 
shape  along  the  helicopter  flight  path  at  Cedar  Valley,  read  from  a  topographic  map  for  input  to 
the  2D  PO  code,  is  plotted  in  Figure  3.  Vertical  monopole  and  horizontal  dipole  antennas  were 
located  at  the  base  of  the  hill  (x  m  0  m)  and  on  top  of  the  hill  (x  170  m)  and  also  at  a  site 
in  the  valley  behind  the'hill.  A  vertical  dipole  at  height  2  m  above  the  surface  and  a  horizontal 
dipole  at  4.57  m  above  the  surface  were  used  for  validation.  The  patterns  computed  by  the  1’0 
oode  for  the  actual  monopole  and  dipole  dimensions  were  very  close  to  the  patterns  of  these  point 
sources. 

The  results  of  the  PO  model  were  first  compared  with  the  integral  equation  solution  to 
postpone  dealing  with  real-world  uncertainties.  Comparisons  we  shown  in  Figure  4  for  vertical 
and  horizontal  sources  at  the  base  of  the  hill  and  at  the  top  of  the  hill  at  27.7415  MHz.  Generally 
good  agreement  is  seen  between  the  PO  and  integral  equation  models  in  these  cases.  Similar 
agreement  was  obtained  at  8.015  MHz.  The  codes  were  also  compared  for  a  simple  Gaussian  curve 
approximating  the  front  side  of  the  hill  at  Cedar  Valley.  This  smooth  hill  produced  a  scattering 
pattern  with  much  less  fine  detail,  and  the  codes  were  again  in  good  agreement.  The  PO  model 
was  also  compared  with  radiation  patterns  measured  at  Cedar  Valley  and  was  in  agreement  on 
the  main  features  of  the  pattern,  with  some  differences  apparently  due  to  uncertainties  in  the 
ground  profile  or  factors  in  the  measurements  that  were  not  taken  into  account. 

4.  CONCLUSION 

A  model  using  physical  optics  was  developed  for  scattering  of  HF  radiation  by  irregular 
terrain.  Both  2D  and  3D  models  were  developed,  since  the  2D  model  offers  a  faster  solution  and 
simpler  definition  of  the  terrain  shape,  while  the  3D  model  is  needed  when  scattering  occurs  front 
obstacles  out  of  the  vertical  plane  from  transmitter  to  receiver.  Reciprocity  was  invoked  to  place 
the  source  at  the  distant  receiver  location,  and  second  order  scattering  was  included  through 
geometrical  optics  approximations.  The  UTD  solution  for  an  impedance  half-plane  was  included 


317 


I 


to  reduce  errors  due  to  truncating  the  PO  integral  Results  from  the  PO  codes  for  an  actual 
terrain  profile  were  in  good  agreement  with  an  Integral  equation  solution  which  is  expected  to  be 
accurate. 

The  PO  codes  are  set  up  to  model  terrain  of  arbitrary  shape  and  to  read  antenna  geometry 
and  currents  from  a  file  written  by  a  modified  version  of  the  NEC-MoM  code.  Alternately, 
point  or  line  sources  can  he  used.  The  terrain  shape  Is  described  by  generating  a  file  containing 
elevations  at  a  number  of  points  read  from  a  topographic  map,  and  the  code  applies  cubic-spline 
interjKilation  to  the  points  entered  to  determine  the  surface  for  the  PO  solution. 

This  work  was  supported  by  the  Naval  Security  Group  Command  through  CDR  Gus  K.  loll. 
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Abstract 

As  high  frequency  RCS  prediction  techniques  have  matured  such  that  simulated  data  is 
useful  for  abject  algorithm  development,  there  is  interest  in  the  development  of  prediction 
models  for  objects  in  natural  terrain  environments.  Because  the  return  from  a  given  class 
of  terrain  is  a  complex  function  of  geography  and  weather  conditions,  models  for  terrain 
reflectivity  are  based  on  measured  data.  The  development  of  theoretical  scattering  models 
in  combination  with  random  process  models  is  of  interest  for  the  application  of  ground 
scene  imagery  prediction.  Xpatch  is  used  to  predict  SAR  imagery  of  a  ground  object  in  a 
sand  terrain  setting  modeled  by  a  faceted  ground  plane  with  a  Gaussian  height  distribution. 
Statistical  analysis  indicates  the  predicted  imagery  is  suitable  for  pieliminary  object 
algorithm  development  based  on  first  order  statistical  differences  in  terrain  and  object  pixel 
returns.  The  predicted  image  data  is  not  suitable  for  object  algorithm  development  based 
on  polarimelric  scene  returns. 

introduction 

Advances  tn  digital  signal  and  image  processing  capabilities  and  speed  in  on  board  radar 
hardware  are  allowing  more  sophisticated  object  detection  and  classification  algorithms  to 
he  developed  for  future  radar  systems.  High  quality  measured  data  taken  from  a  simulated 
scenario  of  interest  can  be  used  to  test  new  detection  or  classification  algorithms.  However, 
it  is  cost  piuhibilive  to  measure  every  scenario  geometry  and  environment  of  inter*'  d.  The 
development  of  an  accurate  computer  model  (or  predicting  radar  sensor  images  u  '.round 
objects  in  land  clutter  environments  allows  the  radar  image  prediction  of  additional 
scenario  geometries  and  environments.  The  modeled  image  data  can  then  be  used  for  more 
complete  testing  of  object  detection  and  classification  algorithms. 

in  Radar  Cross  Section  (RCS)  signature  analysis  of  discrete  objects  shows  that  multiple 
interactions  dominate  the  scattering  pattern  at  non  cardinal  aspects.  It  is  likely  that 
multiple  bounce  interactions  between  a  ground  object  and  its  environment  ore  also  critical 
at  non  cardinal  angles.  Thus,  any  scene  model  that  is  used  to  predict  data  for  algorithm 
development  mtisi  include  a  multiple  interaction  capability  to  model  the  scattering 
interactions  between  elements  in  a  scene, 

Xpatch,  based  on  the  Shooting  and  flouncing  Ray  (SBR)  technique  developed  by  S  W 
Lee  and  colleagues  at  the  University  of  Ulim>is[  i  ],  is  providing  the  most  accurate  simulated 
RCS  data  for  reflective  objects,  SBR  models  multiple  bounce  interactions  awl  shadowed 
regions  ol  the  object  that  are  important  for  an  accurate  prediction  for  any  practical  vehicle. 
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Theoretical  models  for  terrain  scattering  have  been  investigated  since  the  1950's.  Early 
theoretical  terrain  models  postulated  a  facet  model  for  rough  terrain  based  on  geometrical 
optics  [2],  The  facets  that  are  oriented  in  the  specular  direction  of  the  radar  contribute  to 
the  terrain  cross  section,  while  facets  that  are  not  oriented  towards  the  radar  do  not.  In 
early  facet  models,  multiple  bounce  between  facets  forming  the  terrain  model  were  not 
computed. 

Xpalch  is  used  to  predict  Synthetic  Aperture  Radar  (SAR)  imagery  of  ground  vehicles  on  a 
sandy  road  surface.  A  Gaussian  distribution  of  height  is  used  to  generate  a  faceted  terrain 
to  simulate  a  rough  unimproved  road  setting,  and  a  flat  ground  plane  is  used  to  simulate  rial 
ground.  A  dielectric  constant  for  sand  is  assigned  to  both  terrain  models.  Sample  SAR 
imagery  for  the  faceted  ground  plane  case  and  flat  ground  plane  case  is  presem  I,  and  the 
statistical  distribution  ot  terrain  returns  in  a  sample  rough  ground  plane  image  1 .  computed 
to  asses  the  realism  of  the  simulated  imagery. 

Since  the  SBR  technique  models  the  multiple  bounce  interactions  between  the  object  and 
terrain  facets  and  interactions  between  terrain  facets,  the  Xpatcli  model  provides  an 
enhanced  facet  model  for  terrain  returns.  This  paper  describes  the  development  of  the 
enhanced  laect  model  and  presents  sample  simulated  SAK  imagery.  Statistical  analysis  of 
predicted  X  band  imagery  is  discussed. 

Development  of  Enhanced  Facet  Model  foi  SAR  Image  Prediction 

Figure  1  shows  a  How  chart  ul  predicting  a  SAR  image  of  an  object  on  a  terrain 
background  using  WL/AARA  radar  modeling  tools  The  ground  objects  used  in  this 
project  were  developed  in  ACAD  by  Viewpoint,  and  the  tiles  were  saved  in  ICES  format. 
The  ground  plane  facet  representation  ten  a  flat  or  rough  faceted  terrain  me>dcl  is  created  by 
the  FACET JTKKKAIN  option  in  Cifer, 

Measured  SAR  data  is  usually  characterized  by  the  center  frequency  and  the  range  and 
cross  range  resolution  capabilities  ol  the  imaging  radar.  SAR_PAKAMS,  computes  lire 
trequcncy  bandwidth,  step  size,  aperture  width  and  azimuth  step  size  for  swept  frequency 
and  angle  KCS  predictions  based  on  the  input  scene  size  and  desired  image  resolution. 

To  simulate  the  SAR  radar  signal  processing  directly,  Xpalch  predicts  the  KCS  ol  the 
object  over  a  bandwidth  of  frequencies  and  a  range  of  angles.  The  SBR  technique  is  used 
to  compute  the  KCS  of  the  inpul  object  geometry  lor  the  input  incident  and  scattered 
directions.  A  grid  of  incident  rays  is  launched  at  an  object  from  the  radar  direction. 
Geometrical  Optics  is  used  to  compute  the  reflection  of  the  ray  from  the  object  surface,  A 
reflected  ray  from  one  point  on  the  object  surface  can  hit  the  object  surface  at  a  second 
point  GO  reflections  are  computed  up  to  the  maximum  number  of  "bounces"  specified  in 
the  input  file.  The  contribution  of  rays  emerging  from  the  object  surface  air  summed  to 
compute  the  scattered  far  field.  Xpatch  includes  a  ray  divergence  factor  for  curved 
surfaces,  a  capability  to  handle  layered  material  transinissioii/rellcctioii,  and  first  ordei 
edge  diffraction 

To  Siiuuiuic  «  SAK  linage,  iiic  SWcpt  nctilicncy  ami  a^iculii  angle  KCS  uhui  picuicicu  by 
Xpalch  is  processed  with  a  2D  Inverse  Fast  Fourier  Transform  (IFFT).  KHOROS  is  a 
visual  programming  environment  that  includes  data  and  image  processing  tools,  and  image 
display  capabilities.  A  KHOROS  workspace  icads  the  Xpatch  output  RCS  data  file, 
performs  the  IFFT  processing,  and  displays  the  resulting  2D  SAR  image. 


3a-  1 


Xpatcn3 

Compute  SAR  Image 
Time  Domain 


Figure  I.  WL/AARA  SAR  image  simulation  process 

Computing  the  dju  lor  a  SAR  imajc  ot  a  complex  target  requires  significant  computing 
resources.  Xpatcli  includes  a  SAR  simulation  capability  that  applies  lime  domain  mapping 
methods  to  form  the  SAR  image  from  the  object  returns  computed  at  the  center  of  the 
aperture  width  at  the  center  frequency.  The  main  accuracy  limitation  of  this  method  is  that 
the  image  is  formed  at  the  center  of  the  aperture  width,  such  that  the  field  is  assumed 
constant  over  the  aperture  Criteria  for  when  this  approximation  is  valid  are  not  well 
defined. 

Xpatcli  Simulated  SAK  Imagery  of  Ground  Objects  on  Terrain 

Thr  XpaR'h  PCS  niod?l,  is  used  to  predict  SAP  imagery  of  ground  objects  on  n  ssndy 
terrain  surface.  The  terrain  is  modeled  as  ! 00  ft.  by  KM)  ft.  rough  sand  surface  with  a 
Gaussian  distribution  of  height  and  as  a  Hat  sand  surface  also  HX)  ft  by  1(X)  ft.  Triangular 
terrain  facets  arc  formed  by  a  grid  of  points  spaced  1  ft  apart.  The  rms  surface  roughness 
of  the  rough  sand  surface  is  modeled  as  3  inches  The  frequency  dependent  dielectric 
constant  f 3}  and  the  rms  surface  roughness  as  a  function  of  wavelength  is  sliov/n  in  Tabic 
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1 .  As  the  surface  roughness  is  greater  titan  0.  U  at  ail  frequencies,  the  terrain  is  considered 
rough  by  the  Rayleigh  roughness  criterion  [4], 

Scene  images  are  predicted  at  0.5  GHz,  1  GHz  and  10  GHz.  For  0.5  and  1  GHz  the  range 
and  cross  range  resolution  in  the  simulated  imagery  is  i  ft.  At  10  GHz.  the  simulated 
imagery  resolution  is  3  inches.  Table  2  summarizes  the  radar  parameters  for  the  SAK 
image  simulation.  2  rays  per  wavelength  are  specified  for  the  incident  ray  grid.  The 
maximum  number  of  bounces  for  the  SBR  computation  of  the  object  scattered  field  is  10. 
and  the  first  bounce  is  computed  by  the  hardware  Z  buffer  as  opposed  to  straight  PO. 

Figure  2  shows  the  ray  behavior  for  the  case  of  a  tank  on  the  smooth  sand  surface.  The 
radar  is  at  30  degrees  elevation  for  this  monostatic  scenario.  This  Xpateli  Previewer 
visualization  shows  that  only  terrain/object  interactions  close  to  die  tank  contribute  to  the 
scene  return.  The  rays  that  are  incident  on  the  icnam  but  do  not  bounce  from  die  terrain  to 
the  tank  reflect  off  the  terrain  away  from  the  radar.  There  are  no  terrain/tc train 
interacdons.  Xpatchd,  the  lime  domain  SAR  simuladon,  is  used  to  simulate  a  SAK  image 
from  the  30  degree  elevation  aspect  picture  at  1  GHz.  The  simulated  image  of  the  tank 
over  the  smooth  terrain  is  shown  in  Figure  3.  Tins  image  is  consistent  with  the  ray 
behavior  shown  in  Figure  2.  The  only  terrain  contribution  to  the  image  occurs  near  the 
tank.  The  edge  terms  are  an  anifact  from  truncating  the  terrain  model  that  can  be  removed 
in  image  processing.  The  terrain  that  is  not  involved  in  a  terrain/object  interaction  docs  not 
contribute  any  significant  return  to  the  image. 

The  ray  behavior  for  the  case  of  a  tank  on  thr  rough  sand  surface  is  shown  in  Figure  4. 
Again,  the  radar  rs  at  3(1  degrees  elcvaticn.  This  visualization  shows  terrain/object 
interacdons  near  the  tank,  terrain/object  interactions  between  an  outlying  terrain  region  and 
the  tank,  and  tcrrain/ierrain  interactions.  The  random  orientadon  of  the  facets  .simulating  a 
sandy  terrain  scatter  the  incident  radiation  in  random  directions.  The  random  facet  model 
in  comhinauon  with  the  multiple  bounce  capability  of  Xpatch  simulates  the  more  omni¬ 
directional  diffuse  scatter  expected  from  a  rough  surface.  The  corresponding  simulated 
SAR  image  is  shown  in  Figure  5.  This  image  confirms  the  ray  behavior  shown  by  the 
Previewer.  The  rough  terrain  scatters  the  incident  energy  in  a  diffuse  manner,  thus  a 
portion  of  the  terrain  scattered  field  is  directed  back  towards  the  radar. 

Figure  6  shows  a  predicted  image  of  a  fire  uuck  ovei  the  rough  sandy  terrain.  This  image 
Is  predicted  with  Xpatchf  at  an  elevation  angle  of  10  degrees  and  azimuth  angle  broadside 
to  the  vehicle  for  HH  polarization.  The  frequency  is  10  GHz,  and  the  image  bin  sire  is  3 
inches  by  3  inches.  A  density  function  computed  from  10.000  terrain  pixels  in  the  image  is 
shown  in  Figure  7  The  mean  pixel  reflectivity,  -20.0  dB,  is  proponional  to  the  terrain 
reflectivity,  and  the  standard  deviation  is  4.6  dB  The  mean  to  median  ratio  is  0.98,  and  the 
density  function  is  approximately  Gaussian.  Figure  8  shows  the  pixel  reflectivity  density 
function  for  the  IIV  polarization.  The  mean  HV  pixel  reflectivity  is  -46  dB,  and  the 
standard  deviation  is  7.1  dB,  Although  the  mean  to  median  ratio  is  0  99,  the  density 
function  appears  weighted  towards  the  lower  pixel  reflectivities. 

A  direct  comparison  to  measured  data  for  terrain  clutter  is  difficult  because  published 
results  from  separate  measurement  programs  for  a  given  terrain  type  vary  by  as  much  as  10 
dB.  Lung[5]  gives  a  8.6  dB  range  for  the  X  hand  HH  polarized  0°,  radar  cross  section  per 
unit  area,  for  disked  Acid  at  a  depression  angle  of  it)  degrees.  A  spread  of  i7  dB  is  given 
for  an  asphalt  road  with  gravel.  The  pixel  reflectivity  standard  deviation  indicates  that  80% 
of  the  pixel  reflectivities  are  within  a  9.2  dB  range.  Thus,  the  pixel  reflectivity  density 
function  width  predicted  by  Xpatch3  is  within  tne  expected  range  in  comparison  with 
similar  terrain  types. 
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Table  1:  Frequency  dependent  dielectric  constant  [4]  and  surface  roughness 


Frequency 

RMS  Rough  (X) 

'.UnafelSH 

0.1 27X 

0.254Jt 

2.543, 

Table  2:  Radar  parameters  for  SAR  simulation. 


Frequency 

Bandwidth 

Total 

(GHz) 

(GHz) 

Iteration* 

0.5 

0.492 

101 

37.8 

953 

95,300 

1.0 

0.492 

101 

72.6 

1593 

159,300 

10.0 

1.968 

401 

9.42 

15,237 

6,130,000 

The  HV  pixel  reflectivity  is  26  dB  below  the  HH  pixel  reflectivity.  Tire  difference  between 
the  HH  and  HV  return  is  higher  than  expected  for  sand  terrain.  In  general  rough  surfaces 
tend  to  depolarize  the  incident  field,  thus  the  difference  in  the  cross-polarized  and  and  co- 
polarized  fields  is  not  ax  high  as  the  difference  for  smooth  surfaces.  The  large  difference 
between  the  HH  and  HV  return  is  caused  by  modeling  the  terrain  by  smooth  flat  plates. 

Conclusions 

Xpatch3  has  been  used  to  simulate  SAR  imagery  of  ground  objects  over  rough  sandy 
terrain  The  predicted  image  pixel  reflectivity  distribution  in  the  HH  polarization  predicted 
is  in  agreement  with  published  ranges  for  similar  terrain  types.  The  HH  reflectivity  pixel 
distribution  predicted  by  X patch!  is  similar  to  the  distribution  predicted  by  empirical 
models  that  rely  on  statistical  distributions  characterized  by  a  mean  and  spread  factor. 
Because  Xpatch  uses  a  Fresnel  reflection  model  for  dielectric  surfaces,  the  statistical 
distribution  of  predicted  returns  is  a  function  of  the  terrain  geometry  model.  Ihus.  die 
accuracy  of  the  terrain  reflectivity  distribution  predicted  by  the  enhanced  facet  model 
depends  on  how  accurately  the  statistics  of  the  ground  plane,  model  represent  the  terrain 
type. 

Preliminary  object  detection  algorithms  that  exploit  first  order  statistical  differences 
between  object  returns  and  ground  returns  should  be  applied  to  the  simulated  data  set  The 
rough  facet  terrain  dees  not  model  the  depolarization  caused  by  a  rough  terrain  a." face. 
Therefore,  the  difference  in  HH  and  HV  terrain  returns  predicted  by  Xpatch  arc  highn  than 
expected  for  rough  terrain.  Xpatch  predicted  SAR  data  for  faceted  terrain  models  is  not 
appropriate  for  polurimetric  object  algorithm  development. 

Further  anal  ysrs  0*  Simulated  image  data  {rum  rough  fucci  Icnam  generated  by  a  wider 
variety  of  statistical  and  texture  distributions  will  quantify  the  relationship  between 
physical  model  roughness  and  the  terrain  reflectivity  distribution  in  simulated  imagery. 
This  investigation  should  be  pursued  if  preliminary  object  algorithm  development  for 
ground  objects  in  benign  clutter  environments  bused  on  this  data  is  promising. 
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Figure  2:  Xpalch  Previewer  ray  diagram  for  Figure  3;  Xpatch3  predicted  image  ot 

tank  on  smooth  ground  plane:  0°  Az.  30°  0.  tank  on  smooth  ground  plane:  1  GHz, 

0“  Az.  30"  El. 


Figure  4:  Xpatch  Previewer  ray  diagram  for  Figure  5:  Xpatch3  predicted  image  of 

I  tank  on  rough  ground  plane:  0"  Az  30°  El.  tank  on  rough  ground  plane:  1  GHz, 

0"  Az.  30"  El. 
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1.  Introduction 

Modem  high  frequency  codes  are  migrating  towards  the  use  of  ray  tracing  as  a  means  of  computing 
the  scattered  field  from  complex  objects.  The  cumot  state  of  the  art  in  ray  tracing  is  codified  in  the  Xpatch 
aerie*  of  computer  codes.  There  are  a  number  of  key  issues  that  arise  when  developing  ray  tracing  algo¬ 
rithms  for  comp.'  t  scattering  problems.  This  paper  addresses  three  critical  design  issues:  faoetization 
effect,,  current  element  shadowing,  and  estimating  the  scattered  fields  that  arise  from  multiple  reflections 
of  re  s.  These  issues  will  be  discussed  in  order  is  the  following  sections  of  this  paper  The  paper  concludes 
win-  recommendations  on  these  issues. 

2.  Fbcctizatian  Effects 

This  section  considers  the  effect  of  target  model  facetizstion.  Complex  models  are  typically  modeled 
using  flat  uigangluar  facets  since  tracing  rays  with  fiat  surfaces  is  very  efficient.  The  obvious  effect  of 
using  facets  is  that  many  facers  are  required  to  accurately  model  a  curved  surface.  There  exists  a  point 
where  the  time  required  to  trace  rays  with  a  very  large  faceted  model  exceeds  the  benefits  of  using  facets  in 
place  of  curved  surfaces.  Although  the  question  of  facet  representation  vs.  curved  surface  representation  is 
imponam,  this  section  assumes  that  the  model  will  be  faceted.  The  question  that  is  addressed  in  this  section 
is  what  effect  does  faoetization  have  on  multiple  reflections. 

The  effect  of  model  faoetization  on  multiple  scattering  from  curved  surfaces  is  best  demonstrated  by 
an  example.  Consider  a  electrically  huge  cylinder  in  from  of  an  electrically  large  plate.  The  cylinder  is  off¬ 
set  from  the  center  of  the  plate  in  order  to  eliminate  any  effects  due  to  symmetry.  This  geometry  is  depicted 
in  Figure  1.  In  order  to  demonstrate  the  effect  of  the  facetizaliun  of  the  cylinder,  high  resolution  invetse 
synthetic  aperture  rMar  (1SAR)  images  are  generated  from  predicted  data  using  the  Xpatch  l  code.  The 
predicted  data  are  generated  over  a  frequency  band  from  9.S  GHz  to  10.3  GHz.  This  yields  a  range  resolu¬ 
tion  of  approximately  23  cm. 

Figure  2  contains  an  IS  AR  image  of  the  cylinder-plate  complex  when  the  cylinder  was  faoetized  with 
64  facets.  An  ate  of  responses  appeals  down  tinge  front  the  plate.  This  are  is  a  consequence  of  the  laccti- 
zation  of  the  cylinder.  Figure  3a  and  3b  demonstrate  the  effect  of  increasing  the  facetizatiou  of  the  cylinder 
by  factors  of  2  and  4  respectively.  It  is  dear  hem  Figure  3  that  the  effect  is  not  alleviated  with  moderate 
increases  in  the  faoetization  of  the  cylinder.  This  is  a  nor.  intuitive  result  since  it  is  generally  bdievnt  that 
as  the  number  of  fleets  representing  a  surface  is  increased  the  accuracy  also  increases.  This  example  indi¬ 
cates  that  increasing  the  ficearalicti  of  geometries  does  not  uniformly  approach  the  curved  surface  repre¬ 
sentation. 

The  anomalous  returns  can  be  explained  by  examini  ig  the  physics  of  the  problem.  The  geometry  con¬ 
figuration  admits  rays  that  reflect  off  of  the  cylinder,  re  Be  t  off  of  the  plate,  and  then  reflect  off  of  the  cyl¬ 
inder  bade  towards  the  receiver.  Since  the  plate  is  the  last  body  that  the  rays  reflect  from,  the  currents  that 
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the  rays  set  up  on  the  plate  are  integrated  back  to  the  receives,  figure  4  depicts  a  typical  distribution  of  cur¬ 
rent  patches  that  are  set  up  by  the  reflected  rays.  Figure  4  indicates  that  the  currents  on  this  plate  are  dis¬ 
continuous.  It  is  these  discontinuities  that  give  rue  to  the  anomalous  returns.  It  is  important  to  note  that  in 
the  images  higher  ray  densities  do  not  mitigate  this  effect.  A  curved  surface  representation  of  the  model 
would  only  mitigate  this  effect  with  a  very  large  ray  density. 


Figure  1.  Geometry  of  the  cylinder-plate  example. 


I 


Figurr,  4.  Depiction  of  current  pitch  distributions  on  the  plate. 


3.  Current  Shadowing 

Another  question  that  arises  when  using  ray  tracing  is  when  to  integrate  the  current  induced  by  a  ray 
reflecting  off  of  a  surface  back  towards  the  receiver  The  Physical  Optics  principle  stales  that  a  current  is 
induced  «i  a  surface  risible  10  the  nance,  eg.  a  ray  hits  a  point  on  the  uiget  alter  several  bounces,  and 
then  the  uiget  is  removed  and  the  induced  currents  are  integrated  to  find  the  response  at  the  receiver 

Errors  arise  when  the  current  patch  is  not  directly  visible  to  the  radar  A  prototypical  anomalous 
response  can  be  demonstrated  with  the  example  shown  in  Fig.  5.  The  parallel  plate  example  is  represents 
rive  of  geometries  found  on  modem  aircraft,  e.g.  the  plate  geometry  ia  a  canonical  example  for  wing 
pylons.  Figure  6  dnws  the  Xpascfa  ISAR  image  of  the  parallel  plates  it  an  aspect  angle  of  45  deg.  along 
with  a  corresponding  image  formed  using  the  Method  of  Momenta.  Figure  6  indicates  an  anomalous 
response  exists  down  range  from  the  parallel  plates.  This  response  ia  only  present  over  a  limited  scl  or 
aspect  angles  as  demonstrated  by  Figures  7a  md  7b. 

Careful  examination  of  the  ray  paths  indicate  that  around  an  aspect  angle  of  45  degrees  there  is  a  set 
of  rays  that  exit  out  of  the  parallel  plates  after  reflecting  off  of  the  top  plate.  The  majority  of  the  rays  exit 
bon  the  parallel  plates  after  reflecting  off  of  the  bottom  plate.  The  algorithm  that  Xpatdi  uses  to  find  the 
PO  response  is  a  combined  E  and  H  fbnoulation[lJ.  Under  this  formulation  there  is  very  little  response  in 
the  forward  scattered  direction.  This  accounts  for  the  anomalous  response  rxrt  being  present  when  the  rays 
exit  after  reflecting  off  of  the  bottom  piste.  This  is  depicted  in  Fig.  8. 

The  large  response  down  range  bom  the  top  (date  in  the  images  results  from  the  multiple  reflections 
that  exit  bom  the  top  plate.  The  response  is  smeared  in  the  image  plane  since  the  rate-of-change  of  the  path 
length  is  a  strong  function  of  the  aspect  angle  .  This  is  a  non-physical  response  that  is  a  consequence  of  the 
current  integration  scheme  present  in  the  Xpasdi  code.  This  type  of  response  can  be  eliminated  by  sending 

a  “test”  ray  bom  the  current  patch  to  the  receiver  to  check  for  visibility.  If  Phyvcal  Optics  is  used  to  ealeu  1 

late  the  first  bounce  response,  then  inft  mttion  on  the  visibility  of  each  patch  is  already  available  and  can 

be  used  in  place  of  the  "test”  ray  for  the  monosutic  case.  In  either  approach,  the  current  patch  should  only  , 

uOuuiuuic  to  ihe  scasc.  -d  Sold  if  the  patch  is  visible  to  the  receiver. 

j 
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FiguieS.  Parallel  plate  scanerer  geometry. 


Figurr  6.  Companion  between  Xputcb  and  MOM  images  of  the  parallel  plate  geometry. 
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Figure  7.  Xpatc h  images  of  ibc  parallel  plate  geometry  at  aspea  angles  of  35  deg  and  55  deg. 


4.  Integration  of  current  patches 

A  more  subtle  question  that  arises  when  tree  tig  rays  is  at  what  point  are  the  induced  currents  inte¬ 
grated  back  to  the  receiver,  tn  the  last  section  th  problem  of  visibility  was  addressed.  In  this  section  the 
question  ol  whether  to  only  integrate  the  currents  induced  at  the  last  reflection  point  (as  in  Xpatch),  or  to 
integrate  ihr  currents  inuurcu  it  each  surface  the  ray  reflect;  from.  The  previous  example  of  the  parallel 
plates  demonstrates  (he  effect  of  the  different  methods  of  integration.  For  the  parallel  plates  the  image 
changed  dramatically  depending  on  the  last  exit  point  This  is  a  non-physical  effect. 
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In  general.  the  amount  that  *  current  patch  will  contribute  to  the  received  scattered  field  is  related  to 
the  angle  between  tbe  avenge  radar  line  of  sight  and  tbe  nonnal  vector  of  the  surface.  The  average  radar 
line  of  sight  is  defined  as  tbe  average  of  the  unit  vector  from  the  transmitter  to  the  current  patch  and  the 
unit  vector  front  the  receiver  to  tbe  cuirera  patch.  The  amount  of  energy  that  an  individual  reflection  con- 
tiibuKX  to  Ibe  scattered  field  is  typically  small  rince  most  of  the  eneigy  is  reflected  in  the  direction  of  the 
ray. 


Although  the  contribution  so  tbe  scattered  field  front  a  ray  reflecting  from  a  surface  is  email,  it  is  not 
negligible  as  was  demonstrated  In  tbe  previous  example.  It  can  be  atgued  that  the  coraribution  from  a  sec 
lion  of  tbe  taiga  surface  llltaninated  by  a  tay  should  always  contribute  to  tbe  scattered  field,  since  physi¬ 
cally  the  currents  induced  on  the  aurfase  from  a  ray  reflection  are  not  effected  by  what  happens  to  the  ray 
after  the  reflection. 

This  paper  considered  three  critical  issues  tbit  arise  when  using  ray  tracing  to  calculate  the  scattered 
field  from  ocmplcx  targets  The  examples  presented  indirate  that  the  issues  of  futruraiion  and  current  intc- 
giatius),  have  a  real  impact  on  the  accuracy  of  the  scattered  field  Based  upon  our  research  it  is  recom¬ 
mended  that  the  current  induced  by  ray  reflection  should  be  integrated  back  to  tla:  receiver,  if  the  receiver 
is  visible  from  the  reflection  point,  alter  every  reflection. 
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Abstract 

A  technique  to  calculate  the  time-dependent  cross-section  oi'  the  optoelectronic  radar  with  a  narrow 
angle  of  the  field  of  view,  with  a  short  duration  of  the  laser  pulse  and  for  the  relatively  uniform 
meteorological  situation  is  suggested  This  technique  is  based  on  the  use  the  "weighted"  influence 
energetic  coefficients  of  aerosol  space  elementary  volumes  taking  into  account  spatial,  energetic, 
temporary  and  other  parameters  of  radiation  source  and  receiver. 

1  Introduction 

Optoelectronic  devices  of  active  type  (radars)  constructed  on  the  principle  of  recording  the 
radiation  scattered  hy  aerosols  are  widely  used  lor  the  Investigation  (remote  11]  and  laboratory  |2J) 
of  aerosol  parameters  foi  process  testing,  for  solving  various  problems  in  meteorology,  and  lor  the 
navigation  of  moving  objects. 

As  shown  in  the  figure  the  pulse  laser  and  the  detector  of  the  radar  system  can  gcncraly  be  located 
on  the  different  platforms  of  the  illuminating  and  receiving  system  moving  in  the  real  time  lr  Let 
llie  coordinate  system  XYZ  ul  the  illuminating  system  be  the  main  coordinate  system  The 
propagation  vector  of  die  laser  beam  and  die  optical  axis  ot  the  receiver  i stein  me  located  in  die 
XOZ  plane  and  intersect  at  the  angle  The  contour  kbnn  in  the  plane  XOZ  is  formed  by 
intersection  of  the  laser  beam  widi  die  field  of  view.  The  location  ^(t)  of  the  center  of  the 
illuminated  /one  depends  on  the  current  time  of  a  single  pulse  measurement  because  the  laser  pulse 
propagates  with  light  velocity  c: 

.  ,i  r  2 

o,  -  ,  (0 

2(1  c  -  ld) 

where  Xd(tr)  and  Zjft,)  are  the  coordinates  of  the  detector  in  the  real  time;  c  is  the  light  velocity;  t 
is  the  current  time  elapsed  since  the  beginning  of  propagation  of  the  single  illuminating  pulse.  When 
t  -  0  die  value  of  radiation  flux  of  this  pulse  reaches  the  maximum.  Thus  die  scattering  flux  incident 
upon  the  detecior  is  also  time-dependent. 

So-called  timeindependence  radar  equations  for  single  [2], [3]  and  multiple  |4]  scattering  aerosol 
models  are  well  known. 

Our  aim  is  to  develop  the  technique  to  calculate  the  time-dependent  cross-section  of  the 
optoelectronic  ladai  with  the  narrow  angle  2(i  of  the  field  of  view  and  the  short  duration  2r;  of  the 
laser  pulse.  The  purpose  is  to  solve  navigation  problems  of  moving  objects  in  the  case  when  die 
meteorological  situation  is  relatively  uniform. 
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2  Formulation 

The  calculation  of  the  intensity  I,(6|,cp|,r()  of  the  field  scattered  by  the  i-Lh  elementary  S;(X) 
scattering  volume  should  be  realized  in  the  spherical  (XYZ)si  coordinate  system  of  the  mentioned 
volume.  X  is  the  position  voctor  in  the  maice  XYZ  coordinate  system.  It  is  evident  that  the 
following  relationships  are  valid  for  the  far  field  scattering  and  for  the  narrow  angle  of  the  field  of 
view 

0,  -  6  ,  ip,  -  qj  ,  '  -  K  ,  (2) 


where  {0,<p,R}  are  the  spherical  coordinates  in  the  main  scattering  coordinate  system  (XY/.)sl,  the 
center  of  wiclt  is  located  in  the  intersection  point  of  the  propagation  vector  of  the  laser  beam  and  the 
optical  axis  of  the  receiver  system. 

Let  davs(9,<p,X)  be  the  volume  differential  cross-section  of  the  scattering  by  an  elementary  volume 
Sj(X)  [5]  The  dimension  of  doVJ(t),qi,X)  is  [m2m‘3sr‘ 1 ),  Consequently  the  volume  cross-section 
ayl(f)0,<p0,t2,X)  of  the  scattering  by  this  volume  in  solid  angle  fl,  restricted  by  the  collection  aperture 
is  equal: 

-  f  JoJO.vJL)  dQ  ,  |m2m  3),  (3) 

a 


where  dll  “  sinO  dip  dO  is  the  unit  solid  angle;  {80,<P(),Ko)  are  the  spherical  coordinates  of  tlic 
receiver  center  die  (XYZ),,,  coordinate  system  of  the  scattering  space  V,;  0„  ”  x  -  vp. 

In  general  a  powerful  pulsed  laser  is  used  as  radar  radiation  source.  Owing  to  the  pulsed  nature  of 
radiation  the  elementary  scattering  volumes  of  space  V3  (which  is  common  for  the  intersected  laser 
beam  and  the  field  of  view)  differently  influence  upon  the  detected  signal.  Tins  influence  can  be 
estimated  by  the  function  ("weighted"  coefficient)  which  describes  the  form  of  radiation  pulse: 


m 


“H 


(4) 


where  tL  is  the  half  of  full  pulse  duration  at  the  cxp(-2)  level,  t,  is  tin-  parameter  which  determines 
the  part  of  influence  of  the  elementary  volume  S,(X)  on  the  receiving  signal  at  the  moment  t; 


M*,0 


iJiX)  <  *,(*) 

r 


(5) 


Consequently  the  radiation  flux  density  in  any  beam  section  at  any  instant  t  is  calculated  by: 

V(XJ)  -  P,(z)  /,<*,)  f2(X)  ,  [Wm  2|  .  (<>) 


where  f2(X)  is  the  function  taking  into  consideration  the  nonuniformity  of  the  radiation  distribution 
on  uie  beam  cross-section;  "L(z)  is  the  power  of  radiation  on  Or  ixis  Z.  This  function  takes  the 
following  form  for  the  most  widespread  Gaussian  beam. 


/,<*)  « 


no>,(z) 


expJ-2 


X1*  ^2| 


P,(Z) 


2  <?t(z- 0) 
\fk  lLO 


S,(z)  , 


(?) 
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where  <oL(z)  =  \j[vjz*0)  +  z  rgaj2  +■  <aj(z)  W 

is  the  radius  of  the  laser  beam  in  the  cross-section  z;  aL  is  the  beam  divergence;  w,(z)  is  the 
increase  parameter  of  the  laser  beam  because  of  atmospheric  turbulence;  Ql(z«0)  is  the  energy  of 
radiation  in  the  cross-section  z  =”  0; 


t,(z)  -  exp[~j'(i,D(z/)dz']  W 

0 

is  the  coefficient  of  atmosphere  transmittance  along  the  optical  path  with  the  length  z;  ptxt(/)  is  the 
volume  extinction  coefficient  which  is  related  to  the  meteorological  distance  of  visibility  S  (^)  by 
an  empirical  formula,  c.g.: 


U  3,91  f  0,55  VMM  s.uV" 

m  SJz) {  *  j 


[m2m 


(>») 


where  z/  is  the  coordinate  characterizing  the  element. ay  optical  path. 

All  elementary  scattering  volumes  located  at  the  moment  t  in  the  region  Vs  determine  the  total 
detected  radiation  flux: 


P(t)  -  /<p(Jr^ow(e#l9o,Q^)t,(/ydK,  |tv| ,  (it) 

v, 

where  dV  -  dx  dy  dz.  It  is  evident  that  without  sufficient  decrease  of  the  accuracy  of  calculation  the 
limits  of  the  integration  with  respect  to  z  can  be  narrowed  down  to  the  dimension  commensurable 
with  the  duration  of  the  incident  pulse 

Zc(r)  -  kxLc  s  z  s  zc(l)  +  kxLr.  ,  (12) 


where  k  *  1,2, 3,4  is  the  coefficient  of  the  accuracy  of  calculation  in  this  approximation. 


3.  Engineering  technique  to  simulate  the  radar  cross-section 

Eq.  (11)  allows  to  carry  out  the  rigorous  calculations  of  the  time-dependent  signal  for  the  short 
pulsed  radar.  To  simplify  above  simulation  the  following  assumptions  can  be  made. 

Let  the  laser  pulse  have  a  rectangular  shape  with  duration  2tl  as  described  by 


m 


11,  for  -xL  x  t,  <  xL  lf1,(t), 

jo  ,  otherwise  ’  u  '  jo  , 


otherwise 


XL  S  ‘t  S  XL  (13) 


where 


QlW  _  j/fit  t 


(14) 


is  the  radiation  flux  in  the  rectangular  pulse,  resulting  from  the  following  normalization  condition: 
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(15) 


<2,(2)  -  /  PL(z,t)dt,  =  ■ 

Thus  taking  into  account  the  above  mentioned  assumption,  the  distribution  of  the  flux  density  in  a 
cross-section  z  can  be  written  by 

/Vrt  ftjGO/jPQ  .  /<”■  zc(0  -  vszs  Zc«)  +  V  (16) 

<P«'W)  "  |p  ,  otherwise 


Let  the  flux  density  in  a  cross-section  be  constant,  satisfying  the  condition 


(jvw_ 

<P«j(V)  =  j  7t  td,(z)2 

1°  - 


for  zc0)  -  V  -•> 
othewise 


)  +  XjC 


(17) 


For  the  far  field  scattering,  the  narrow  field  of  view  and  for  the  small  beam  divergence  the 
following  relationships  are  valid  for  all  elementary  scattering  volumes: 


and  fi 


A> 


(18) 


where  A0  is  the  area  of  the  detector  aperture. 

Thus  taking  into  account  the  above  approximations  the  formula  to  determine  the  total  scattering 
flux  detected  by  the  radar  receiver  can  be  written  by 

P( 0  *  t,(«0)<PaJ^(»))Oa(e0,s.c.Q^(0)  .  <‘9> 


where 


Veo-<1,«.Q.0  =  ,  [m2J 


is  the  time-dependent  radar  cioss-section; 


<P„A)  ■ 


gt(t- 0) 

TtU2(Zc)2T, 


V,fec) 


(20) 


(21) 


vjt)  -  fdV  =  K/r)*  (r) 

Vm 

is  the  scattering  volume  in  the  case  of  the  mentioned  approximations, 

y,ff)  *  2k<j2(zc)t ,c 

is  the  scattering  volume  of  the  illuminated  rone; 


(22) 


(23) 
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0 

for 

r-c  s  h 

,  or  zc  z  zm  ; 

1 

fir 

z,  s  2r  5  z»  i 

(24) 

where  z^  =  nun(z,  ;  z„)\ 

kJz<) 

for 

h  S 

kcl(zc) 

for 

2.™  *  Zv  S  Z* 

.  where  -  maxfz,  ;  z„)  ; 

k,fr,L)  -  , 

for 

z„  s  zc  s  z,  ; 

is  the  cutting  coefficient  of  the  field  of  view  for  the  far  field  scattering  when  the  cross-section  uf  the 
field  of  view  in  the  plane  z,(J  is  larger  as  the  cross-section  of  the  beam; 


kc,{zc) 


jl --W 


fur  w„(zc)  z  u>L(zc)  >  for  &  wt(zc)  . 

otherwise  ’  rr^V  “  H  -tJtc2(zc)  ,  otherwise  ' 

(25) 


_£AL; 

tt«I(zc) 


tOt(z.)|'  tta/z,) 
2  (  180 


sina/Zc) 


(26) 


is  the  square  of  the  segment  characterized  by  the  angle  Uj(zc)  in  the  cross-section  zl  [6|;  j 
L  <**„(z  )  -  Ul(zc) 

2a  s — t - ,  for  i,  s  z.  sz.  ;  or  z  s  z  s  z  ; 

]  «■>,.(*,)  *  1  ‘  " 
lO  ,  otherwise  ; 


«,(ZC) 


1,2; 

(27) 


f(zt  -  z*)t<8('(1  ►  P)  ♦  .  for  h  iZc  S  z(; 

[0,  othewise 

f(zt  -  z,)['«(+  -  P,.)  *  tgaL)  ,  fort „  s  zr  z„ 
(0  ,  othewise 


(28) 


where  o>sj(/c)  is  the  part  of  the  laser  beam  diameter  2^  (zc)  in  the  cross-section  z{.  which  is  located 
under  the  surface  of  the  cone  of  the  field  of  view  [6j.  Ignoring  atmospheric  turbulence  the 
coordinates  of  the  contour  klmn  can  he  estimated  by 


_  ~  <",0  *  I1! 

IVflfn,. 


_  xd  '  UIM  1  M-? 
Z"1"  tgn, 


(29) 


where 


It,  *  Zjtglif  +  P)  ,  p2  -  Zjtg(ty  "  P) 


ww  r.  <,^(.  0)  .  (30) 


The  calculation  of  the  volume  cross-section  of  multiple  scattering  dovs(U,ip,2.)  gives  most 
complication  in  the  above  simulation  [7|,  However  this  simulation  is  simplified  when  single 
scattering  by  spherical  aerosol  particles  is  valid  [5  J: 

doJUj)  -  p.„(z)^-  |  -(f/O.z)  '  f,(0.z)l  |  ,  <M> 
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where  P(fc)  -  7J  /  PJ«(P^*((«.n)<ip  . 

K  o 


(32) 


p  »-l 


l)(l°»(m>P)l2  +  l3„Cm,P>i2)  . 


kj.m, p)  -  -l-Y,  (2 «  +  l)Rela„(m,p)  *  P„(m,p)l 

p  *-I 


(33) 

are  the  efficiency  factors  of  scattering  and  extinction  [8];  ctn(m  p),  Pn(m,p)  are  the  complex 
coefficients  which  are  calculated  according  to  the  known  formulas  of  Mie  theory  [8];  m-n-JX  « 
complex  refractive  index  of  the  aerosol  at  the  wavelength  X  of  incident  radiation; 
n(nl  InfWl  is  the  density  of  particle  concentration  distribution  amng  the  diffraction  parameter  p 
=  kr;  k  *  2wX  is  the  wavenumber;  r  is  the  radius  of  the  aerosol  particle;  \  «  s,  ext  is  ffit  subscript 
denoting  'he  scattering  volume  coefficient  ps  or  the  extinction  volume  coefficient  pext, 


i>c(6,z)  «  -j4TI— Jn(prT)  |S((m,p,B)|2  dp  , 


(34) 


*3P,(z) 


where  Sr(m,p,6)  are  the  elements  of  the  scattering  mauix  for  a  single  particle  [8];  P(;(6,z)  aie_ 
normalized  coefficients  of  the  scattering  matrix  for  a  ensemble  of  polydispersion  particles; 

1, 2,3,4  (C=  1,2  for  a  spherical  particle).  ,  ,  _ 

Thus  taking  into  account  the  above  mentioned  approximations  the  formula  to  determine  the 

detected  scattering  flux  can  be  written  by 


WfO)P„W“,Wc  *Ve>  *  pl°l  r„ 

“  - 4^  2  * 


«o)  *«» 


(35) 


where  »a(z)  -  Ps(zVP««W  «  the  albedo  of  a  scatterinR  aCTOsoi  m  It  is  well  known  that  for 
backscaner  (0  *  180°)  the  following  relationship  is  valid:  P,(0)  *  P2ffi) 

CTtiereTfouque  to  calculate  the  time-dependent  radar  signal  (11)  was  derived  with  the  aims  to 
increase  design  efficiency  of  new  high-precise  radar  with  arbitrary  configuration  and  to  decrease 
expenditures  of  this  work.  This  technique  is  based  on  the  use  of  weighted  influent  e  enerp.tic 
coefficients  of  aerosol  space  elementary  volumes  taking  into  account  spatial,  energetic,  temporary 
and  other  parameters  of  radiation  source  and  rec-iver.  Taking  into  account  a  nu™b" 
approximations  the  relatively  simple  formulas  for  the  time-deperdent  radar  ™*"***™  £0) 
the  detected  scattering  flux  (35)  axe  obtained.  This  thechmque  is  scheduled  to  integrate  in  the  earl) 

the*  volurrre'cro S3- section  of  navigation  and  atmosphere  sounding  radas  .or  the  multiple  scattering 
case  and  more  complicated  aeteorological  situations. 
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Abstract 

Phase-Doppler  Anemomctry  (PDA)  is  one  of  the  most  advanced  optical  technique  to  measure  the 
size  and  the  velocity  of  moving  particles  in  liquid  atomization  and  spray  systems.  Increasing  the 
measurement  accuracy  is  significant  to  improve  PDA  systems.  In  this  connection  it  is  very  important 
to  simulate  the  influence  of  the  incident  beam  profile  and  the  position  of  the  spherical  particle  in  the 
measurement  volume  on  the  PDA  signal.  Angular  plane  wave  spectrum  (PWS)  of  the  incident  beam 
is  one  of  the  perspective  method  which  allows  to  calculate  mentioned  effects.  A  fast-technique  based 
on  the  PWS  method  to  simulate  the  PDA  signal  is  presented.  To  decrease  calculation  time  it  is 
suggested  to  simulate  the  unit  polarization  vector  of  the  electric  field  scattered  to  an  arbitrary 
observation  point  and  its  amplitude  in  the  coordinate  system  of  the  i-th  PWS  plane  wave  and  then 
to  transform  this  vector  in  the  coordinate  system  of  the  receiver  polarizer. 

1  Introduction 

Recently  a  lot  of  attention  has  been  paid  to  increase  the  precision  of  the  Phase-Doppler  Anemometry 
which  has  a  wide  range  of  applies' ;on  in  control  of  different  technological  processes  [1],  One  of  the 
most  essential  conditions  for  this  improvement  is  an  increase  of  the  calculation  accuracy  of  the  PDA 
signal  simulation  by  a  light  scattering  theory.  These  calculations  arc  based  on  the  Mie  theory  which 
gives  a  rigorous  solution  the  scattering  of  a  plane  wave  by  a  sphere  [2], 

The  problem  to  consider  the  influence  of  the  intensity  and  phase  profile  of  the  incident  non-plane 
beam  has  been  solved  using  the  so-called  beam  shape  coefficients  qran  TM  and  qm„ >TE :  at  first  -for 
a  circular  Gaussian  beam  [3];  then  -  for  a  Gaussin  beam  having  elliptical  cross-section  [4],  The 
investigation  of  Morita  et  al.(5],  Tsai  and  Pogarzelski  [6],  Tam  and  Corriveau  [7],  Kim  and  Lee  [8] 
and  Barton  et  al.  [9]  are  also  widely  known.  However,  it  seems  reasonable  to  say  that  the  high-speed 
algorithms  to  calculate  the  above  mentioned  scattering  of  the  Gaussian  beams  ate  developed  by  using 
the  so-called  localized  approximation  [4], 

The  angular  spectrum  of  plane  waves  is  a  subject  of  much  current  interest  to  simulate  the  PDA  signal 
with  arbitrary  incident  beams  which  can  be  exprcs  cd  as  a  sum  of  homogeneous  plane  waves.  The 
scattered  field  in  this  case  is  a  superposition  of  the  fields  which  arc  scattered  by  a  sphere  illuminated 
by  each  i-th  PWS  plane  wove. 

This  technique  makes  it  relatively  simple  to  interpret  the  physical  essence  of  the  results  obtained 
for  the  each  i-th  PWS  plane  wave.  The  PWS  method  is  used  to  simulate  the  signal  amplitude  of  the 
optical  particle  size  laser  analyzer  [10],  to  investigate  the  electric  and  magnetic  fields  scattered  by 
an  arbitrary  located  sphere  [11]  or  by  an  arbitrary  shaped  dielectric  particle  [12].  The  last  problem 
(scattering  by  non-snherical  particles)  is  solved  with  the  T-matrix  technique. 

Our  aim  has  been  >  adopt  the  PWS  method  for  the  simulation  PDA  signals  when  a  moving  sphere 
interacts  with  two  coherent  elliptically  polarized  beams  having  an  arbitrary  intensity  profile.  A  fast 
calculation  technique  is  presented. 
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2  PDA  Syitem  Geometry 

As  shown  in  the  Fig.  1  the  optica]  system  of  a  PDA  incorporates  two  incident  beams:  the  approaching 
beam  (corresponded  by  subscript  "a")  and  the  trailing  beam  (subscript  "t").  A  measurement  volume 
is  formed  by  crossing  these  two  beams.  Let  the  propagation  direction  of  these  beams  in  the  main 
Cartesian  coordinate  system  (XYZ of  PDA  be  represented  by  vectors  k^0)  -  k,  s,(0)  and  k,(0j  = 
k>  s^0)  (where  k,  “  2n/X,  and  k,  “  2nJ\  are  the  wavenumbers;  X,  and  X,  are  the  wavelenghts  in  the 
surrounding  medium);  and  s^0|  are  the  unit  propagation  vectors. 

The  subscripts  enclosed  in  brackets  indicate  the  corresponding  coordinate  system.  Let  the  main 
coordinate  systems  for  the  two  beams  be  represented  by  (XYZ)(0,)  and  (XYZ)(0tj.  The  centers  O(0i) 
and  of  these  coordinate  system  are  located  in  the  beam  zones  characterized  by  a  high  flux 
density.  The  same  named  axises  of  the  (XYZ)^,  (XYZ){a>)  and  (XYZ)^  coordinate  systems  are 
oriented  parallel.  For  this  reason  “  s^0,,  s^Wj  ”  s_0,. 

The  vectors  XB*0)  show  the  maladjustment  of  a  PDA.  The  vectors  Xp^(t),  Xyim,  XvU(-0l 

are  the  position  vectors  of  a  p-sphere  particle  moving  with  velocity  V^,  of  a  observation  point  and 
of  the  center  of  the  receiving  aperture. 

Obviously  the  position  or  propagation  unit  vector  (for  example,  position  vector  sv^  -  sxv(yl(y  + 
+  srv(^>z(y  Ih*  point  V)  in  arbitrary  4-th  coordinate  system  (XYZ)^y  can  be  presented 
(as  illustrated  in  Fig.  2)  by  two  angle  groups:  {0v(y,  ip^y}  or  {vvR).  fyy),  where  (0v,y, 
<pv(y,  |  Xv(0)  | }  are  spherical  coordinates;  <gv(5)  “  the  elevation  angle  and  pv(y  is  tne  off-axis  angle. 
From  the  standpoint  of  simulation  of  PDA  signals  the  calculation  of  the  polarization  vectors  euv  and 
e5tv  of  the  electric  field  scattered  (subscript  "s")  by  the  p-sphere  to  an  arbitrary  observation  point  V 
is  of  particular  interest.  These  vectors  can  be  obtained  in  arbitrary  (XYZ)(8vy  or  (XYZ)(vvy  coordinate 
system .  or  to  be  transformed  from  one  to  another.  In  other  words,  the  components  of  the  polarization 
vector:  have  orientations  along  the  corresponding  orthonoimal  basis  vectors  {^pvg>?(6vC)’r(Svt)}  or 

('HD’  rfyvt)}  such  that  ®(6yf)  I  X(«v«>  .VfOvy  I  y((K)’  r(»vt)  U  ~[ey£i  ““  K & 
X,:vv5).  g(vvt)  |  Y(  4y  r(yvy  I  Z(yvy  (see  Fig.2).  It  is  obvious  that  the  (XYZ),evy  coordinate 
system  i  generated  by  the  corresponding  right-handed  rotation  of  the  initial  (XYZj^y  coordinate 
system  through  the  angle  ^y  (rotation  matrix  R^wgj))  and  then  though  the  angle  #v(y 
(transfonnation  matrix  R^s^y)  ).  Coordinate  system  (XYZJ^y  is  formed  by  rotating  (XYZ)^y 
through  the  angle  pv(y  (transformation  matrix  R^s^y))  and  then  through  the  angle  t|/y^y 
(transformation  matrix  fiL(sv^y)).  The  above  transformation  matrixes  arid  the  relationship  lietween 
elements  of  the  generalized  unit  vector  j^y,  on  the  one  hand,  and  the  angles  ^(evO'^tftvO’^vvt)'  ^(yvt)’ 
and  matrix  rotation  elements,  on  the  other  hand  have  a  relatively  simple  form  [13]. 

In  the  general  case  PDA  receiver  system  incorporates  a  polarizer  which  coordinate  system  (XYZ)^^ 
is  given  in  the  following  maimer:  axis  Z,^)  c  and  the  angle  defines  the  orientation  of 

the  parallel  axis  regarding  receiver  axis 

fhe  above  described  coordinate  systems  are  necessary  to  achieve  the  main  aim  of  this  work,  namely: 
to  elaborate  a  modified  technique  for  calculation  of  the  polarization  vectors  eMV(pol)  attd  esrv(pol) 
the  scattered  fields  in  the  (XYZ)^)  polarizer  coordinate  system  by  using  tiie  PWS  method. 

3.  Formulation 

As  early  shown  [12]  the  field  scattered  by  a  sphere  which  is  illuminated  by  the  non-plane  "a"  (or 
"t”)  beam  can  be  obtained  by  superposition  of  the  fields  scattered  by  this  sphere  being  illuminated 
by  PW'i  plane  waves.  The  propagation  direction  of  the  i-th  plane  wave  of  the  "a"  beam  spectrum  is 
conveniently  presented  by  the  unit  propagation  vector  in  the  (XYZ)^j  coordinate  system  of  the 
"a”  beam  (or  by  vector  si(()  for  the  "t"  beam  in  the  (XYZ),(t)  coordinate  system):  si(iaj  =  + 
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syK*>y(«)  +  s*i(»)z(i>  the  (XYZ)(t)  coordinate  system  is  formed  by  rotating  the  (XYZ)j0lj 

coordinate  system  through  the  angles  and  V,^>y  I"  the  general  case  the  illuminated  beams  have 
elliptical  polarization.  Thus  polarization  vector  of  the  "a"  beam  in  the  center  of  its  (XYZ)(l)  coordinate 
system  expressed  by 

Wzcr°>  ■  +  •  (1) 

The  angular  plane-wave  spectrum  of  the  electric  field  of  this  monochromatic  beam  (in  other  words 
the  electric  field  vector  of  the  i-th  plane  wave  of  this  spectrum  in  cross-section 

z^  -  0  of  the  ”a"  beam  coordinate  system  (XY7.)j,p  is  well  known  f  12]: 


where  A,(  |  |  “0)  is  the  amplitude  of  the  electric  field  vector  of  tlv  "a"  i  neident  beam  in  the  center 

of  its  (XYZ)(,j  coordinate  system;  X<1j  is  the  position  vector  of  an  arbitiary  poin’  in  the  above 
coordinate  system;  A<Ui(,)(*i(«))  “  antl 


r  ' 

exKc) 

ey* («) 

- 

-  ’  °)  +  W**A.) 1  °)1 

ezKp) 

are  amplitude  and  non-unit  polarization  victor  of  the  i-th  plane  wave  of  the  angular  spectrum  in  the 
(XYZ)(,j  coordinate  system;  F  ir  the  Fourier  transform  operator;  fna(X(,)) 
At(X(1j)/Ai(2jtj,X(|Q”y(4)“0)  is  the  coefficient  taking  into  consideration  the  non-uniformity  of  the 
amplitude  distribution  of  the  electric  field  in  cross-section;  fu(o,t)  -  cxp(-j<oat)  is  the  time 
harmonic  dependence  of  the  "a"  beam. 

The  polarization  vector  and  the  amplitude  of  the  i-th  plane  wave  of  the  angular  plane-wave  spectrum 
for  "a"  incident  beam  can  be  determine  in  the  (XYZ)ya)  coordinate  system  of  i-th  wave  by  the 
following  equipments  taking  into  account  the  above  mentioned  transformation  matrix: 

C(W*WW*£<W  •  .  w 


The  Eqs.  (3)  and  (4)  are  the  governing  equations  for  simulation  of  the  polarization  vector  of  a 
scattered  field.  To  simplify  this  calculation  and  the  physical  interpretation  of  the  obtained  results,  the 
matrix  of  modified  expansion  coefficients  [F<1lnm,c(»g^))]c 


Onft  - 


k  fa.  j(  )  1  at)' 


and  the  matrix  of  modified  vector  spherical  wave  functions  [[Ntl-  ,/'ran  r(spvKp]r]c 
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llOWU  ■  ip®WU  w 

are  suggested  taking  into  account  that  expOk^^X^,))  -  exp(jk«taa)\(U)) .  In  Eqs.  (5), (6)  superscript 
A  shows  the  modified  vectors;  m,n  are  the  order  and  degree  of  the  vector  spherical  wave  functions 
Mm,  Nmn;  superscripts  1  and  3  are  the  type  number  of  the  rritcrical  vector  wave  functions;  subscript 
4  -  8,ia  shows  the  coordinate  system  (XYZ),  or  (XYZ)lt  in  which  umt  propagation  vector  siK)  of 
the  i-th  plane  wave  or  unit  vector  of  the  direction  <rom  particle  center  p  to  the  observation  point 
V  are  presented;  subscript  e  m  x,y,/.  indicates  the  x,y  or  z  component  of  the  corresponding  vectors; 
subscripts  d,c,r  mean  that  a  corresponding  Vector  (matrix)  is  a  diagonal,  column  or  row  vector  (matrix). 

Modification  coefficients  kp  and  kN  are  the  phase  and  amplitude-phase  factors  appeared  in  the 
expression  for  P^s^,)  and  N<''3>mnr(spv(6)): 

kP„  -  (in)a  and  kNn  -  (j'n)“  are  the  coeff'cients  with  imaginary  unit; 

pOVk.)*^.  g 


are  the  phase  factors;  IXpJ  is  the  direction  between  particle  center  p  and  observation  point  V;  a  = 
0  for  the  incident  field  and  for  the  near-  and  far  scattered  field;  a  c  1  only  for  the  far  (k,  [  Xpv  |  ► 
n2)  scattered  field. 

It  has  been  known  [14],[15]  that  for  the  case  when  sy|,.,  -  0  tiic  matrix  of  expansion  coefficients 
of  the  incident  field,  having  x-  or  y  polarization,  can  be  presented  by  the  expressions 

U-yl^0^  ,  m 

k~,<w 


Ip4  .  ,,  'WW 


where  p  *  1  for  tlie  arbitrary  field  ;  p  =  0  only  for  the  far  scattered  field; 


m  sn  \ 

:  .  T»xtu((t>t  '• 

*-<“«>>  . 
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*  .’«W 


,"(VP'^iV(CO8<0<<w)>  ;  <12> 


P  m(cos(0,(t))  is  the  associated  Legender  function  of  the  first  kind;  0j(^  is  the  angle  between  the  unit 
propagation  vector  of  the  i-th  plane  wave  and  the  axis  oi  the  (XYZ)^  coordinate  'ystem, 

\DmI  0  ...  0  1 

o  »  2n  +  l  (”  ”)'  (13) 

«(n  +  l)  (n+m) I 

0  0  ...  Dm\ 

are  the  diagonal  matrix  and  the  normalization  factor  Dm|1. 

The  modified  matrix  of  the  vector  spherical  wave  functions  can  be  written 


rtiOwu 


tOw1- 


where 


■[ «u U(sr*t?  N("* 


1 ; 


„0.3) 


“<W  J; 


the  subscript  C,  -  0,<p  or  r  shows  the  corresponding  component  of  the  vector; 


r„/Y> 

0 

0 

r,(Y)  • 

0  1 

0 

0 

^Y) 

0 

0 

•  Wy>’ 

0 

■  *„(Y) 

(14) 


(15) 


(lb) 


(17) 


wher--rk,|XpV|;  /,,(?)”!„(?)  foi  ihesubscnpt  (1);  zn(r)“h11(1,(T)  for  the  subscript  (3);  jn(y)  and  h,,(l)ty) 
are  the  spherical  Bessel  function  and  the  spherical  Hankel  function  119);  the  type  of  matrix  I  d(y)/ 
n..-  _ ma«»v  r.  Ml  .*  n  ...  ic  thr  anulr  between  the  vector  X ....  and  axis  Z,*\i 


[X»M^0|rv<tplc  " 


T»«.n/0P>«)) 

lVr"(®p»«P 

-v"<W 

X rm.fi* mAM1 

■Ow 

0 

W> 

(18) 


where  the  matrixes  r",n[(0pv.,))  and  rI"nr(0pv(,))  are  the  row  matrixes  similar  to  the  matrix 
Nann  r(*pv(0>  Kt*  16;  Mm  jp W  “  *^Wn  +  1  *"  n(0pvtt,)5»>(0pvKl)/m  Subscripts  (*,  twW, 
implies  tat  the  vector  spherical  functions  are  given  in  the  orthonormal  basis  system 
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<V(-)^pvft)'rpv(0>  of  the  (XYZ)(,)  Coordinate  system.  Taking  into  account  that  | X^0>) |  -  IX^J 
and  that  the  expression  (X^l  *  [XpV|  +  »V(i)\(«)  ’s  vahd  f°r  far  field  scattering,  Eq.  (8)  for  tlie 
ampli.ude-phase  factor  can  be  presented  in  more  convenient  form  from  a  systematic  standpoint  [20]: 

*««0-2>v|)  “  *«.j( 


where  |) 


expQ'tjA  ,|) 


vial’X^a))  -[exi  <20> 


are  the  phase  factors;  X,,^,),  arc  the  position  vectors  of  the  V  observation  point  and  of  the  p- 
sphcrc  center  in  the  corresponding  (XYZ)^0,j  and  (XYZ),„,  coordinate  systems. 

Thus  taking  into  account  the  modified  coefficients,  the  electric  field  vector,  scattered  to  an 
observation  point  V  on  a  p-spherical  particle  illurainated  by  i-th  plane  wave,  can  be  expressed  for 
arbitrary  (far-  or  near)  zone  in  the  orthonormal  basis  system  {Spv({),V’pv(f)’rpv^)))  °f  *1>C  (XYZ)^ 
coordinate  system  by  the  relatively  simple  formula  in  which  the  general  (for  all  PWS  plane  waves) 
time  harmonic  dependence  f(0,(<a,Dlt)  «  ft,((0,VKD»((aL>«1)  “  exp(-j(i)lDtl)  is  suppressed: 


1'8aa*(»vt) 


"'.MwavO 


I'rjn(0v{) 


(21) 


Where  W^Dil. 
crp{tjui  Dlt)  are  tlic 


k.*l(.)Vp(.) 


”  foi,<“Dl.t)  f  lD.(“D8,)i  W“dI.‘)  "  cxp(+j(0u,.t)  and  fD,(uiD,t)  - 
Iticients  taking  into  account  variation  of  the  Doppler  frequencies  oi]Jia  = 


for  tlie  i  tli  plane  wave  and  u»D<  =  k,s^0)V| 
iiij.  Is  tlie  well  known  expression  of  the  PD  \  signal  frequency 


for  die  "a"  beam;  in,. 


(22) 


arc  correspondingly  die  amplitude  and  unit  polarization  vector  of  the  electric  scattered  held  in  the 
above  orthonormal  basis  system; 


(23) 


(24) 


in  which  and  are  caiculaied  by  using  Eq.  (3)  for  the  (XY/)W  coordinate  system  (£ 

-  a)  or  Eq.  (4)  for  the  (XZY)(tl)  system  ( i,  ia); 

p''  (i  v  11  (25) 
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iMinmi. 


'-/W 


>V«  P1 ® 


(26) 


where  the  x,  y  or  2  vectors  (  for  c  «  x,y,z)  of  the  modified  matrix  of  the  scattering  factor  K'‘sp^(lvy: 


..Wl  •  <27> 


tln  is  the  symmetry  coefficient  of  the  summing  over  nt  (  em  ”  1  ,  for  the  summing  limits 
c  -«W-  m,„«  "  <W>  ««*  arbitrary  m  or  tor  the  -  0;  -  n[nmx)  and  m  -  0;  i,„  -  2  , 

for  the  summing  limits  ( mmin  -  0;  mtntx  -  n^}  and  m  i  0);  »pp  +  4ppl/3  +  2  is  Hie  total 

number  of  terms  [17]  required  for  good  convergence  of  the  Mie  equations;  pp  -  k.B  rp  is  tlie  Mic 
parameter;  rp  is  the  radius  of  a  spherical  particle; 


is  the  m-th  clement  of  the  c-nrcsponding  colunin  vector  b’^jj^evOro  c  of  the  modified  scattering  factor; 
8  "  0,(p,r; 


'n/Pp^p*  0 

o  VJ-Pp-mp>. 


(29) 


the  vectors  a%mn  and  b1[|]|n  are  the  l*n  column  matnxes,  which  elements  a4J(nn  and  b4tnln  arc  the 
expansions  coefficients  for  the  scattered  field  modified  by  using  coefficient  k.p;  cq,  ^pp.m^)  and 
^nd(fJp'mp)  are  *hc  diagonal  matrixes  which  elements  are  the  familiar  l.orenz-Mie  coefficients 
un,j(pp,mp)  and  Pn  d(pp,mp)  Pll  mp  is  the  complex  refractive  index  of  spherical  particle  relative  to 
the  medium. 

Analysis  of  the  equations  shows  that  the  calculations  of  the  scattered  field  vector  in  the  (XYZ)ja, 
coordinate  system  (£  -  a)  has  some  difficulties.  This  is  due  to  the  fact  that  *  0  and  *  0 
for  most  of  the  i-th  plane  waves  of  the  PWS  spectrum.  This  leads  to  complication  the  formulas  for 
the  expansion  coefficients  for  the  incident  ln  M  and  to  the  necessity  to  calculate  the  above  matrixes 
over  the  wide  range  of  order  m  and  degree  n  [15]: 

•  lml  4  n  4  n  mu  <30) 

To  decrease  the  time  of  simulation  we  will  get  at  first  the  unit  polarization  vector  of  scattered  field 
in  the  (XYZ)p,j  coordinate  system  of  the  i-th  plane  wave  and  then  to  transform  this  vector  i  the 
(XYZ^p  polarizer  coordinate  system.  It  is  obvious  that  for  the  (XYZ)^  coordinate  systc.  ,i(ja) 
”  syi,'ii)  “  0  and  [P‘,mn c(Sj(|„p]c  -  0  for  m  o  1.  Thus  it  is  enough  to  solve  the  l*n  matrixes  instead 
the  m'n^/2  -  matnxes  (see  Eq.31)  for  the  (XYZ)(a.  coordinate  system.  It  is  not  difficult 

to  show  that  the  formula  for  the  modified  scattering  factor  in  the  (XYZ)^  coordinate  system  and 
in  the  far  scattering  zone  (in  which  a  photoreceivei  of  PDA  is  located)  is  essentially  simplified: 
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’  f^aiXSWJ)  ^one™>l “ 

-5i<0i*a>'P,'m,)*in,<W> 


where  S,,  S2  ate  the  well  known  [I**]  elements  of  the  amplitude  scattering  matrix  for  p-spherical 
particle  for  which  calculation  it  is  necessary  to  sum  only  n,^  terms. 

The  transformation  of  the  unit  polarization  vector  eilv(„vU)  obtained  by  using  Eqs.  (22)  -  (24),(31) 
and  the  vector  of  the  modified  scattering  factor  F41>v((Jvi4j  into  the  (XYZ)^|H,|)  polarizer  coordinate 
system  can  be  performed  by 

where  R£  is  the  transform  matrix  given  in  [13]. 

Consequently,  the  electric  vector  E^p^Tt)  of  the  field  scattered  to  the  observation  point  V  taking 
into  account  the  contribution  of  all  i-th  plane  waves  of  the  "a”  beam  angular  spectrum  can  be.  written 


<*>B0>r)ds;t|(n) 

**(»>  ’ 

where  fjD,(°),Ult)  is  the  general  time-  harmonic  dependence  suppressed  inEq.  21;  is  the  diagonal 
vector  of  the  polarizer  tratismission  coefficients. 

A  similar  expression  is  valid  for  the  trailing  incident  beam  by  using  subscript  “t"  instead  "a". 

Eq.  (33)  is  the  basic  relationship  to  obtain  the  expression  of  the  interference  field  amplitude  of  tire 
scattering  (practical  -  tire  PDA  signal)  in  the  observation  point  V : 

*Jf >  -  E-^O)  .  <34> 

Comprehensive  expressions  of  the  PDA  signal  arc  eliminated  in  tliis  work  because  it  is  well  known 
[16]. 

4  Conclusions 

A  matliematical  formulation  is  presented  to  calculate  the  signal  of  a  generalized  optical  PDA  system 
that  incorporates  two  ellipticallv  polarized  beams  with  arbitrary  profiles  and  known  angular  plane 
wave  spectrum.  The  expressions  tor  the  unit  polarization  vector  of  the  each  i-th  PWS  plane-wave  arc 
obtained  It  is  suggested  for  essential  decreasing  of1  .dculution  time  to  express  the  amplitude  and  unit 
polarization  vector  of  the  scattered  electric  field  in  the  coordinate  system  of  the  i-th  plane  wave  for 
the  PWS  of  each  incident  beam  and  then  to  transform  this  vector  m  the  coordinate  system  of  the 
receiver  polarizer.  All  transformations  are  provided  with  use  of  the  dements  of  the  corresponding 
unit  propagation  and  position  vectors.  Thus,  practically  all  non-efTrctivc  and  repeated  calculation  of 
trigonometric  functions  are  eliminated 

The  technique  is  valid  for  far  field  scattering  as  well  as  for  near  field  scattering.  It  is  usable  to 
investigate  the  signal  of  a  maladjusted  PDA  systems. 

It  is  shown  that  variation  of  the  coordinates  of  the  moving  spherical  particle  influence  only  on  the 
phase-factors  expressions  ot  which  are  located  outside  of  the  Mie  algorithm  (outside  of  the  formula 
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for  the  modified  scattering  factor)  and  are  independent  on  the  i-th  plane  wave  parameters.  Using  of 
this  factor  also  simplifies  the  calculation  of  the  PDA  signal  in  case  of  the  particle  movement  dike 
to  the  previous  papers  this  technique  allows  to  estimate  the  fine  effect  of  influence  a  particle  v  locity 
variation  on  tire  frequency  and  phase  of  PDA  signal  by  using  coefficient  ^Di.lmp^.to^t). 

The  suggested  method  is  suitable  to  simulate  the  electric  and  magnetic  fields  scattered  by  other 
measurement  or  control  systems  with  non-Gaussian  profile  of  the  incident  beams. 
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Fig.1.  Relative  position  of  the  arbitrary  located  main  coordinate  system  (XYZ)(0)  of  PDA, 

imennediate  coordinate  systems  (XYZ)(0j,  and  (XYZ)^  for  the  approaching  and  the  trailing 
beams,  correspondingly,  receiver  center  V0  and  observation  point  V. 


Fi*.  2.  Two  kind  of  orthonormal  basis  vectors  («(9 vo>tp(ev?)»r(evp}  “d  W(vv4)*(vvfl>  r(^v{))  for 
calculation  and  representation  of  the  scattering  polarization  vector. 
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ABSTRACT 

Uncertainties  in  tire  geometry  of  scattering  systems  may  have  major  implications 
for  system  identification  based  on  electromagnetic  signatures.  Wc  derive  a  probability 
distribution  to  be  used  for  system  identification  under  conditions  of  mode!  uncertain 
ties;  this  distribution  will  allow  us  to  study  the  effects  of  such  uncertainties  on  system 
identification.  We  investigate  in  de.tail  tire  effects  of  perturbations  of  the  dimensions  of 
air  open-ended  cavity  on  its  time  domain  response.  We  report  on  numerical  results  in 
the  higli-frequeucy  regime,  performed  for  rectangular  and  circular  geometries  using  the 
modal  expansion  method. 


1.  INTRODUCTION 

In  the  last  few  years,  considerable  effort  has  been  devoted  to  experimental  and 
theoretical  studies  of  high  range-resolution  radar  returns  from  metallic  targets  with  com¬ 
plicated  geometries.  On  the  experimental  side,  high  range-resolution  radar  has  been 
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available  for  some  time.  On  the  theoretical  side,  very  sophisticated  numerical  codes  have 
been  developed  using  the  shooting  and  bouncing  ray  method  (SBR)  to  study  radar  re¬ 
turns  from  complicated  geometries  [1].  The  X PATCH  c  nputer  code  is  now  becoming  a 
standard  in  the  field  [2]. 

In  this  paper,  we  address  several  issues  that  have  not.  been  dealt  with  before.  We 
are  exclusively  concerned  here  with  radar  returns  from  open  ended  cavities.  While  highly 
accurate  numerical  codes  are  now  available,  the  sensitivity  of  the  results  to  uncertainties 
in  the  various  parameters  that  are  input  to  these  codes  has  not  been  investigated.  For 
example,  unknown  variations  in  geometrical  dimensions  and  surface  conditions,  such  as 
deformations,  roughness  and  deposited  material,  represent  such  uncertainties.  One  can 
identify  several  problem  areas  requiring  analysis:  Foremost  is  the  effects  of  geometrical 
uncertainties  on  vidar  returns,  and  next  is  the  consequences  of  deposits  of  inhomogeneous 
dielectric  coating?  on  metallic  surfaces.  The  effect  of  dielectric  coatings  as  a  function  of 
thickness  on  rxdar  range  profiles  has  apparently  not  been  studied  before. 

In  this  paper,  w*  concentrate  on  the  effect  of  geometrical  uncertainties  on  the  RCS 
and  range  profiles  in  the  frequency  and  the  time  domains.  In  Sec.  2,  using  Bayes’  theorem 
in  probability  theory,  we  present  a  general  procedure  for  extracting  probabilty  distribu¬ 
tions  based  on  data  and  the  avail.- le  information  on  the  uncertainties  discussed  above. 
In  Sec.  3,  wc  consider  tne  case  of  circular  and  rectangular  geometries  and  investigate  the 
effect  of  geometrical  uncertainties  v  *-he  radar  range  profiles  using  the  modal  approach. 
In  Sec.  4,  we  offer  a  few  concluding  mirks. 


2.  P  J’Bability  Distribution  Functions 
and  Model  Uncertainties 


Target  identification  by  means  of  high  range-resolution  radar  (HRR)  requires  a  com¬ 
plete  se *■  of  signatures  (range  profiles)  of  potential  targets  to  be  available  in  the  target 
library.  The  radar  return  from  an  unidentified  object  could  then  be  matched  against  the 
library  as  part  of  an  identification  process  [3,  4].  Tho  radar  waveform  incident  on  the 
target  will  be  denoted  by  f(t ).  The  received  signal  ^(t)  is  then  of  the  form  [4]: 


(1) 


where  r(t,t#)  is  the  target  impulse  response  function.  Fcr  a  g^ven  /(f),  9(f)  is  then  the 
target  siguasjre.  In  the  study  reported  in  this  paper,  the  p  int  of  interest  is  that  the 
target  impulse  response  function  is  a  function  of  the-  geometry  of  the  surface  from  which 
the  return  is  observed  [5]. 

In  this  paper,  we  r-sume  that  the  target  is  stationary  and  has  no  moving  parts  that 
can  modulate  /(f).  TL  quantity  r(f,f'l  is  then  a  function  of  t  —  t'  only,  so  that  Eq.(l) 
becomes  ^ 

!?(*)=-  I  r(f-f')/(f') df.  (2) 

J —00 

The  surface,  oi  -n  ■  t  targets  are  complicated  and  are  composed  of  several  contiguous  and 
overlapping  surfaces  Let  5  represent  the  surface  of  the  target  contributing  to  the  return 
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git).  In  numerical  computations,  S  is  specified  by  an  enumeration  of  a  set  of  parameters 
(in  some  cases,  the  set  may  be  extremely  large).  Thus,  we  write 


S  =  S(oi,o2,...,oM),  (3) 

where  ai, . . . ,  are  the  M  parameters  that  are  required  to  characterize  this  surface.  In 
the  case  of  cylindrical  geometry,  the  surface  is  specified  by  two  parameters:  length  and 
radius  of  the  cylinder.  In  general,  we  have 

r  —  r(t,Q,e),  (4; 


where  a  is  a  rector  set  of  surface  parameters  and  6  is  the  aspect  angle.  Hence,  the  target 
signature  g(t)  also  depends  on  the  surface  parameters  and  the  aspect  angle. 

We  give  next  a  brief  description  of  the  problem  we  want  to  consider  in  this  paper 
and  why  it  is  of  interest.  Even  though  a  library  of  target  signatures  can  be  prepared 
in  principle,  in  practice  a  target  may  have  no  correspondent  in  the  library  because  its 
surface  parameters  differ,  by  an  unknown  amount,  from  any  used  in  generating  the  library. 
Alternatively,  we  could  say  that  no  two  targets  of  the  same  class  are  completely  identical 
with  respect  to  the  geometrical  surfaces  responsible  for  the  returns.  Also,  the  surface 
of  a  given  target  will  be  subject  to  deformations  and  depositions  over  s  period  of  time. 
This  statement  applies  to  external  surfaces  and  to  internal  surfaces  such  as  those  of  a 
cavity.  It  would  be  especially  interesting  to  determine  ihe  effects  of  dielectric  coatings 
on  the  inner  surfaces  of  cavities;  however,  we  do  not  consider  these  perturbations  in  this 
paper,  even  though  the  formulation  to  be  outlined  next  is  general  enough  to  cover  these 
cases.  The  problem  we  consider  then  is  how  to  incorporate  the  geometrical  uncertainties 
into  the  analysis  for  radar  target  identification.  In  the  rest  of  this  section  we  outline  a 
procedure  using  Bayesian  statistical  methods  |6). 

Given  data  on  range  profiles,  we  would  like  to  obtain  the  probability  that  one  or  the 
model  target  signatures  in  the  library  is  true.  Thus,  we  need  the  following  conditional 
probability:  p{gk  Or  \DE),  winch  is  the  probability  for  model  g<  and  parameter  set  or*  for 
target  class  k.  given  the  data  D  and  our  prior  information  E. 

The  probability  distribution  that  we  will  be  able  to  assign  is  p{  D  g *  a ,  E }.  This  will 
be  used  as  the  likelihood  function  for  the  model  gk  based  on  data  D.  In  order  to  relate 
p{gk  as|£>£)  to  p(.D|9t  o*£),  we  use  Bayes'  theorem: 


p(gkak\DE)  = 


P(9kak\E)  PjD\9k  <*k  E) 
*D\ E) 


(5) 


where  p(yi<kt)E)  is  the  prior  probability  for  g t  and  p\l)  E )  is  the  prior,  or  global,  prob 
ability  for  tbr  data  D — boro.  )  «^rvo?  a  nonsilizstioo 

Once  p(gk  Or  I D  E)  has  been  assigned,  inference  on  the  validity  of  various  {g r)  can 
be  carried  out  and  a  decision  can  be  made  as  to  which  target  is  supported  by  tbe  data 
The  above  analysis  assumes  that  the  underlying  model  reUring  94(1)  to  rr(f)  and  /(f) 
is  kr.ow p  along  with  all  the  parameters  As  discussed  earlier,  w '  cannot  expect  to  have 
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accurate  information  on  the  a*.  In  the  statistical  literature  such  parameters,  being  of  no 
interest  beyond  the  inference,  are  called  nuiiance  parameters.  To  eliminate  the  explicit 
appearance  of  such  parameters,  we  marginalize  over  them: 

p{gk<Xk\DE)  *  j <h* kP{9k<*k\DE) 

=  j  dakpiD\gkakE)p{gkak\E),  (6) 

which  is  eea  to  be  a  weighted  average.  Once  the  likelihood  pi  D  |y,  a,  E)  and  the  prior 
are  specified,  we  can  obtain  p<9z|.D.E),  which  can  be  used  for  radar  target 
identification.  Previous  work  in  other  areas  shows  such  an  averaging  over  the  nuisance 
parameters  leads  to  significantly  better  performance  than  ether  methods  [7].  In  most 
problems,  an  appropriate  choice  for  p(D\gk  E)  is  a  Gaussiai  •],  given  by 

p(D\gk  E)  =  (2* o')-* I*  exp {(d  •  d-  2d  ■  gk  +  gt  ■  gk)/?.o2).  (7) 

In  the  abaeno:  of  any  further  information  on  ak,  one  chooses  a  uniform  prior  or  a  Jeffreys 
prior  for  ak,  where  the  Jeffreys  prior  [8]  is  givsn  by  p(gk  o*|£)  cx  (ai  ••■oji)"1. 

In  the  case  of  circular  cylindrical  geometry,  M  =  2.  qi  =  a,  the  radius  of  the  cylinder, 
and  a,  a  L ,  the  length  of  the  cylinder.  In  the  case  of  rectangular  geometrv,  M  =  3  and 
ai  =  a,  a]  m  6.  a,  *  c,  the  sides  of  the  cavity.  Determination  of  p(gk\UE)  based  on 
the  analysis  presented  above  would  be  extremely  "aluable  and  work  along  these  lines  is 
in  progress.  To  get  an  estimate  on  the  potential  significance  of  geometrical  uncertainties, 
we  computed  the  effects  of  variations  in  the  dimensions  of  both  rectangular  and  circular 
cylindrical  cavities  on  their  time-domain  response  functions.  These  results  are  presented 
and  discussed  in  the  next  lection. 

3.  Effect  of  Geometrical  Uncertainties 
on  Range  Profiles  for  Circular  Cavities 

Detailed  investigations  based  on  the  modal  solution  approach  have  been  carried  out 
by  Lee  and  Cbou  [9]-  These  authors  computed  the  RCS  for  both  6  6  polarization  as  well 
as  po  polarization  as  a  function  of  the  angle,  The  geometry  use<.  in  this  work  is  shown 
in  Fig.  1.  Because  of  circular  symmetry  the  azimuthal  angle  <5  can  be  set  to  zero.  Lee 
and  Cbou  [9]  used  tbe  Stratton-Chu  approximati  i  in  the  formulation  and  kept  only  the 
propagating  modes  at  a  given  wavelength  As  the  details  of  the  calculations  are  well 
documented  in  the  literature,  we  present  only  the  results  using  this  modal  approach. 

The  RCS  as  a  function  of  the  angle  6  is  illustrated  in  Fig.  2  for  the  66  polarization 
and  in  Fig.  3  for  the  44  polarisation  for  the  case  a  —  15  cm,  L  =  90  cm  at  a  frequency 
of  10C2Z  The  results  of  Fig*.  2  and  3  are  in  complete  agreement  with  the  earlier  work 
in  tbe  literature  [9j.  The  variation  of  RCS  at  any  $  with  the  radius  of  the  circular 
cavity  is  illustrated  in  Fags.  4  and  5  for  the  two  polarizations.  We  note  from  these  three- 
dimensional  plots  that  at  certain  angles  there  are  sharp  variations  even  for  a  few  percent 
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variation  in  the  radius  of  the  cavity.  We  have  checl  d  numerically  that  for  these  cases, 
new  mt  ies  that  were  evanascent  become  propagating  as  the  radius  is  varied. 

We  now  turn  to  the  calculation  of  range  profiles.  The  scattering  amplitude  as  a 
function  of  frequency  /  is  defined  by 


G(f)  =  r  i/(ty-i2’f,dt, 

J  —  oo 


(8) 


where  g(t)  is  the  radar  return  signal  as  a  function  of  t.im,  .  Because  the  incident  signal  is 
band-limited,  it  is  only  necessary  to  determine  G{f )  for  frequencies  in  the  passband  F(f) 
in  order  to  calculate  g(t).  For  the  purposes  of  calculation  of  g(t)  any  suitable  band-limited 
function  F(f)  can  be  chosen;  we  have  used  the  four-term  Blackmann-Harris  window  for 
F(f).  The  function  g(t)  can  then  be  expressed  in  the  form 


g(t)  =  i(t) co  Ic/ot)  +  g(t)sm(2ir/0t), 


(9) 


where  i(t)  and  g(£)  are  the  in-phase  and  quadrature  components  of  $(t).  The  four-term 
Blackmann-H arris  window  function  for  F(/)  is  symmetric  about  tl-  j  peak  frequency'  /0. 
In  this  case,  the  in-phase  and  quadrature  components  can  be  written  in  the  form  [5]: 


,A//2 

i(f) +;,(<)=  /  FU  +  So)G‘{h- 

g(t)  =  p(t)cos{2?r/of  + 

P(t)  =  [<2(<)  +  «2(<)),/2- 


(10) 


Thus,  p(t  )  is  the  envelope  of  the  return  signal  and  is  referred  to  herein  as  the  radar  profile. 
The  radar  profile  is  computed  from  Eqs.(8)  -  (10),  where  the  scattering  amplitude  G{f) 
is  obtained  from  the  modal  formulation. 

In  Figs.  6  -  9  we  plot  the  radar  profile  function  p(t)  of  a  circular  cavity  as  a  function 
of  time  and  radius  and  at  fixed  angles  10’  and  19.8’.  The  bandwidth  A /  is  1GHZ  at  a 
center  frequency  of  10GHZ.  For  the  Blackmaun-Harxis  winnow  we  chose  a  bandwidth  so 
as  to  achieve  a  time  resolution  of  approximately  1  nsec.  We  note  that  the  main  feature 
(peak)  in  p{t)  occurs  approximately  at  t  =  'ILjc  cos 8,  where  L  is  the  length  of  the  cavity 
(in  these  examples  L  —  90cm).  From  Figs.  6  -  9,  we  notice  again  a  few  percent  variation 
in  the  radius  of  the  cavity  can  have  significant  effects  on  the  profile  for  certain  angles. 
The  reasons  for  this  arc  the  sarre  as  the  corresponding  behavior  in  the  RCS. 

4  Conclusions 

In  this  paper,  we  set  up  a  formalism  for  studying  the  role  of  model  uncertainties  in 
the  radar  target  identification  problem.  In  particular,  using  Bayesian  statistical  methods, 
we  have  shown  how  to  incorporate  geometrical  uncertainties  for  estimating  the  return  sig¬ 
nals  from  various  geometries.  A ■  a  first  step  in  carrying  out  the  program,  we  computed 
the  effect  of  varying  the  dimensions  of  rectangular  and  circular  cavities  with  perfect  con¬ 
ducting  terminations  on  the  radar  range  profiles.  We  have  shown  that  for  certain  angles 
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the  effects  can  be  striking  and  thereb"  that  the  study  of  the  role  of  these  uncertainties 
is  very  important.  With  the  method  •  ,  moments  [10],  it  is  possible  to  obtain  relatively 
accurate  solutions  for  the  time-domain  response  of  a  circular  cavity.  The  role  of  geomet¬ 
rical  uncertainties  should  be  investigated  using  the  more  accurate  methods  and  compared 
with  the  modal  solutions  presented  here,  and  work  along  these  lines  is  in  progress. 
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Figures 


Fig.  1.  Typical  geometry  of  a  circular  cavity  with  one  end  open  and  the  other 
end  closed  with  a  perfect  electric  conductor. 


Fig.  2.  RCS  in  db  A2  as  a  function  of  0  for  a  circular  cavity  with  radius  15  cm 
and  length  90  cm  at  a  frequency  of  10  GHZ  and  for  0  0  polarization. 
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ABSTRACT 

SA1C  has  developed  an  electromagnetic 
scattering  analysis  tool  for  Windows™, 
EAM:BSC,  tliat  incorporates  the  Numerical 
Electromagnetic  Code-Basic  Scattering  Code 
(NEC-BSC)  with  a  graphical  pne-and  post¬ 
processor.  EAM:BSC  allows  the  user  to 
graphically  define  a  model  and  save  it  in  standard 
NEC-BSC  format.  Windows™  multi-tasking 
capability  is  used  to  perform  the  NEC-BSC 
analysis  transp  crcnlly  in  the  background  from 
within  EAM:BSC.  User-specified  output  data  is 
obtained  directly  from  NEC  BSC  output  files  and 
is  displayed  in  color  linear  plots.  Although  NEC- 
BSC  has  been  recompiled  to  run  in  Windows™, 
the  analysis  algorithms  and  output  files  remain 
unaltered,  making  EAMtBSC  compatible  with 
existing  NEC-BSC  input  and  output  files. 

EAM:flSC  is  designed  to  run  on  a  80380748b  PC 
with  Windows™  3.0  or  higher  running  in 
enhanced  mode.  It  requires  a  mouse,  4  MB  of 
RAM.  and  about  3  MB  of  ha  1  disk  space  VCiA 
graphics  is  recommended. 


INTRODUCTION 

Software  tools  for  predicting  the  performance  ol 
antennas  in  complex  environments  have  been 
available  for  seveial  years  Ihese  tools, 
consisting  of  rigorous,  time-intensive  algorithms 


have,  however,  traditionally  required  the  speed 
and  processing  power  of  main-frame  computers, 
and  have  been  extremely  difficult  to  use.  Now, 
due  primarily  to  recent  advances  in  computer 
hardware  and  software  technology,  these  tools 
can  realistically  be  applied  on  a  PC  as  well. 

One  such  tool  is  the  Numerical  Electromagnetics 
Code  -  Basic  Scattering  Code  (NEC-BSC)  [1]. 
NEC-BSC  is  a  highly  recognized  code  used  for 
predicting  antenna  patterns  and  coupling  in  the 
presence  of  scattering  structures  that  arc  generally 
greater  than  a  few  wavelengths  in  size.  While 
porting  it  over  to  a  I*C  has  cased  platform 
requirements,  NF.C-BSC  remains,  like  most  text- 
based  engineering  tools,  user  unfriendly,  and 
requires  extensive  knowledge  and  experience  to 
be  used  correctly  and  effectively. 

In  1992,  SA1C  started  development  of  a  Windows 
'“-based  analysis  tool  for  NEC-BSC’  for  the 
l  „AE.  The  Electromagnetic  Antenna  Modeling 
System  :  BSC  (EAM:BSC)  consists  of  a 
customized  model  definition/drawing  processor 
and  a  data  post  processor.  It  is  intended  to  be 
used  for  antenna  analysis  targeted  at  both 
experienced  and  novice  electromagnetics  (EM) 
engineers.  Because  of  the  anticipated  broad 
range  of  user  experience,  the  application  was 
designed  to  support  all  of  NEC-BSC's 
sophisticated  antenna  analysis  features  while  also 
being  intuitive  eixiugh  to  mitigate  the  most 
common  deficiency  of  NEC-BSC.  i.e.,  user  error. 
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EAM:BSC 


Tool  Bar 


EAM:BSC  is  designed  to  run  on  a  80386/486  PC 
with  Windows™  3.0  or  higher  running  in 
enhanced  mode.  It  is  a  customized,  intuitive, 
graphical  user  interface  (GUI)  for  NEC-BSC. 
EAMrBSC  has  three  main  functions:  1)  to 
graphically  define  the  antenna  and  its 
environment;  2)  to  save  the  model  and  execute 
the  analysis;  3)  to  read,  process,  and  display  user- 
specified  data.  The  major  components  that  malce 
up  the  EAM:BSC  include:  a  main  menu,  a  model 
pre-processor,  a  transparent  execution  interface,  a 
data  post-processor,  and  an  on-line  help  system. 

Model  Definition 

A  key  feature  of  EAM:BSC  is  the  model 
definition  window.  By  design,  it  has  the  look  and 
feel  of  a  typical  Windows™  vector-based  drawing 
package.  EAM:BSC,  however,  employs 
additional  features  for  drawing  in  3D  and 
automating  the  tedious  work  of  typing  plate, 
cylinder,  cone,  etc.,  coordinates  in  a  DOS  text 
file.  As  shown  in  Figure  1,  the  window  contains 
a  model  title,  drawing  area,  tool  bar  for  structure 
and  view  manipulation,  scroll  bars,  and  specific 
model  information. 


The  major  advantage  of 
using  EAM:BSC  is  the 
ability  to  define  an  entire 
model  from  within  the 
drawing  window.  For  the 
most  commonly  used 
options,  there  is  no  need  to 
use  a  text  editor.  Each 
specific  geometric  solid  that 
NEC-BSC  uses,  i.e.  flat 
plate,  elliptic  cylinders 
cones,  etc.,  is  given  a 
drawing  tool.  The  individual 
tools,  located  in  the  toolbar 
shown  in  Figure  2,  give  you 
the  ability  to  draw  and  edit 
each  structure. 

Model  Building  Mocks 


1 

■ 

ini 

a 

* 

5*3 

Figure  2.  Tool  Bar.  | 

There  are  several  functions  associated 
with  the  "Arrow  Tool".  Some  of  these 
include  the  ability  to  draw  and  edit  any 
model  building  block,  activate  a  parameters 
dialog  box,  change  the  location  of  a  source  or 
receiver,  and,  stretch  or  shrink  a  plate  by  "rabber 
banding"  its  comers. 


1 


The  "Cone  Frustum  Tool" 
has  not  been  implemented  at 
the  time  of  this  paper. 


Selecting  the  "Plate  Tool" 
button  activates  the  plate 
drawing  tool  and  changes  the 
cursor  to  a  plate  cursor,  in  NFC-BSC. 
a  plate  ii  defined  by  the  number  of 
comers  and  their  location  relative  to 
the  coordinate  system  origin.  This  is 
accomplished  in  EAMiBSC  using  the 
mouse  to  define  the  comer  coordinates 
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of  a  new  plate.  For  example,  the  first  comer  is 
specified  by  simply  clicking  the  mouse  at  the 
desired  coordinates.  Each  subsequent  comer  is 
similarly  specified  by  moving  the  mouse  in  the 
model  definition  window  and  clicking  at  the 
location  of  each  new  comer.  To  complete  a  plate, 
you  simply  double-click  the  mouse  on  the  last 
comer. 


Selecting  the  "Cylinder  Tool"  button 
activates  the  cylinder  drawing  tool  and 
changes  the  cursor  to  a  cylinder  cursor. 
Each  new  cylinder  is  given  default  values  for 
specific  geometric  parameters,  i.e.  orientation, 
radius,  etc.  The  only  parameter  defined  with  the 
mouse  in  the  cylinder  drawing  mode  is  the 
location  of  the  cylinder  coordinate  system  origin. 


Selecting  the  "Source  Tool”  or 
"Receiver  Tool"  button 
activates  the  source/rcceiver 
drawing  tool  and  changes  the  cursor. 
Source/roceiver  position  is  specified  simply  by 
clicking  in  the  model  definition  window  at  the 
desired  location.  A  source/rcceiver  dialog  box  is 
used  to  specify  additional  pertinent  parameters. 


Selecting  one  of  these  buttons 
will  rotate  the  entire  model  so  that 
phi  is  either  decremented  or 
incremented.  The  curved  arrow  shows  the 
apparent  rotation  of  the  model.  The  delta  for 
rotation  in  phi  can  be  customized  by  setting 
parameters  via  the  "Set  Up  Tool"  button 


These  tools  are  all  part  of  a  model 
rotation  function  that  advances  each  time 
the  button  is  selected.  The  first  button 
rotates  the  model  so  that  the  your  view  is 
normal  to  the  XY-plane  (0-0°,  $-0°) 
The  second  button  rotates  the  model  so 
that  the  your  view  is  normal  to  the  YZ- 
plane.  (0-90°,  *-0“).  The  third  button 
rotates  the  model  so  that  the  your  view  ir. 
normal  to  the  ZX-plane  (9-90°,  *-90°).  In  other 
words,  with  each  button  click,  the  next  rotation 
function,  and  tool  button  face  representative  of 
the  function,  is  called.  For  example,  the  first  time 
the  button  is  pressed,  the  model  will  be  rotated  to 
the  XY-plane.  If  the  button  is  pressed  again,  the 
model  will  be  routed  to  the  YZ-planc.  One  more 
press  will  rotate  the  model  to  the  ZX-plane,  and 
another  beck  to  the  XY-plane.  This  rotation 
sequence  always  begins  in  the  XY-planc. 


Vim  Manipulation 

View  manipulation  is  controlled  using  the 
following  seven  tools.  These  include:  "Rotate  in 
Theu".  "Rotate  in  Phi",  "Zoom  in",  "Zoom  out", 
"Rotate  to  a  Standard  Plane"  configuration, 
"Isometric  View”,  and  "Setup" 

[jj=i  [jWi  Selecting  one  of  these  buttons 
|*7hI  l^lfl  will  route  the  entire  model  so 
I  '  1  that  the  la  is  either  decremented  or 

incremented.  The  curved  arrow  shows  the 
apparent  roution  of  the  model  The  delu  for 
rotation  in  theU  can  be  customized  by  setting 
parameters  via  the  "Set-Up  Tool"  button. 


Thi  Isometric  Tool"  button  routes  die 
model  so  that  you  view  it  from  an 
isometric  perspective  (0-45°,  *-45°). 


The  "Zoom  ln/Out"  tools  vary  the 
magnification  of  the  drawing  area 
in  the  MDW  The  magnifying 
glass  with  the  minus  sign  reduces  the 
magnification  of  the  drawing  area,  while  the  tool 


with  the  nlns  sign  increases  the  magnification  of 
the  drawing  area. 


This  button  lets  you  customize  various 
settings  for  the  drawing  window  T.e 
available  options  include  a  maximum 


366 


model  dimension,  snap-to-grid,  and  theta  and  phi 
rotation  increments. 

The  Maximum  Model  Dimension  value  controls 
the  maximum  model  coordinate  that  can  be 
specified.  This  setting  is  primarily  to  allow  for  a 
reasonably  sized  drawing  area  to  be  created. 

The  Snap-to-Grid  resolution  value  controls  the 
drawing  grid  resolution.  For  new  models,  it  is 
easiest  to  draw  when  the  maximum  grid 
resolution  is  used,  i.e.  use  a  course  resolution  for 
the  basic  framework  and  then  a  finer  grid 
resolution  for  detailed  work.  For  example,  if  a 
model  is  to  be  cleared  in  0.5  meter  increments, 
the  grid  '  ‘solution  should  be  set  to  0.5.  A  setting 
of  anything  less  would  be  unnr,  ssary,  and  could 
even  create  ..  more  difficult  environment  to  work 
in  l  xisting  model',  are  automatically  scanned  for 
the  maximum  allowable  grid  resolution. 


set  the  plate  tool  parameters  to  always  create  a 
perfectly  conducting  metal  plate. 


Figure  3.  Flats  Fares  s  Dialog  Box 
Control  Line  Editor 


Theta  and  h  Increment  value  are  associated 
with  the  "Rina  beta"  and  "Rotate  I  "  tools 
Ihe  values  alluv  on  lo  set  tlx-  angle  ot  luiation 
to  you  preference 

B- tiding  i  <  A  Parameter  Dialog  /fours 

Non  geometric  parameters  tor  all  structures, 
^eluding  source  .nd  receives.  specified  via 
omized  dialog  boxrs  1<  modify  ihe 
)>u  eters  of  a  the  S|  -cific  existing  model 
struc  re.  you  simply  doubt'  click  the  cursor  on 
(hat  juncture.  Ihis  activates  a  dialog  b»x  winch 
contains  all  of  the  structure's  parameters  An 
example  of  Ihe  parameters  dialog  box  foi  a  plate 
is  shown  in  Figure  T  Fiom  this  parameters 
dialog  box.  vou  can  modih  or  delete  comci 
coordinates,  modify  the  plate  ni>e.  and,  it 
applicable,  modify  ihe  layer  parameters 

li-  addition,  default  parameters  can  be  spesriied 
tor  each  tool  :,<  hat  all  new  structures  created 
will  exhibit  the  same  parameter  minus  the 
>•>.  irdmai-**.  ol  course  An  exampl.  would  be  to 


Upon  completion  of  the  model's  geometry, 
program  conuol  information  such  as  frequency, 
antennn  movement,  field  p.iiicrns  etc.,  must  be 
specified.  KAMtBSC  simplifies  tin  process  with 
a  control  line  editor,  shown  in  Figure  4 


Ft  glut  4  JAM  IIM  (  oi. mil  l.inc  Editor 


Ihe  ■  *»nuol  '  nc  c<  to.  »n  be  broken  up  into  two 
scctimis  its  -n  ie  (.•mains  aii  ine  comm)  iinc 
option  ik  at  lab!  111F.AM.BS  .  and  Us  righ>  «de 
contains  the  rntiol  lines  being  j /plied  u>  the 
aclivr  t  Irl  !»•  th'  lirawing  window.  The 
per aj neu.  asviciat-  1  w,uh  the  control  lines  can 


be  quickly  and  easily  modified  using  the  two  edit 
buttons  located  between  the  lists.  An  example  of 
a  dialog  box  used  to  edit  a  control  line  is  shown 
in  Figure  5,  the  Far  Zone  parameters  dialog  box. 
Additional  features  of  the  control  line  editoi 
include  the  capability  to  default  individual  control 
line  parameters  to  be  used  on  all  future  models, 
and  to  create  and  save  a  default  "Model  Control 
Line  List"  to  be  recalled  for  use  in  any  model  at 
the  click  of  a  button. 


Figure  5.  Far  Zone  Parameters  Dialog  Box 

NEC-BSC  Execution 

Running  a  NEC-BSC  analysis  is  accomplished  by 
selecting  the  Run  menu  item.  EAMiBSC 
automatically  creates  and  saves  an  input  file  for 
the  active  model  definition  window,  and  then 
1' msparcntly  executes  NEC-BSC  Once  an 
analysis  has  begun,  the  cursor  changes  to  a 
rotating  wheel,  signifying  execution  is  in  process, 
At  this  time,  you  can  take  advantage  of  Windows 
™'  multi-tasking  capability  and  switch  to  another 
application.  EAM:BSC  will  notify  you  when  the 
analysis  is  through.  Figure  6  demonstrates  the 
selection  of  the  Run  menu  item  and  the  prompt 
dialog  box. 


Note:  EAMiBSC  uses  NEC-BSC  Version  3.2-3 
■  ecompiled  to  run  on  a  PC  running  Windows™  in 
enhanced  mode,  The  only  modification  made  to 
the  NEC-BSC  code  wt>s  a  redefinition  of  the  file 
name  it  executes  on.  All  algorithms  and 
input/output  formats  remain  unchanged. 

Data  Presentation 

Presently.  EAM:BSC  is  capable  of  displaying 
far-field  and  radiation  data  for  both  angle  and 
frequency  sweeps.  (An  upgrade  that  incorporates 
near-field  plots  is  near  completion).  It  does  not 
perform  any  reformatting  or  editing  of  NEC-BSC 
output  files.  Instead,  it  reads  the  NEC-BSC 
generated  files  for  desired  information  and  plots 
the  data  in  the  form  of  color  linear  plots,  as 
shown  in  Figure  /.  Here,  both  E-plane  and  H- 
plane  E-Field  patterns  arc  displayed 
simultaneously  on  a  single  plot.  The  two  patterns 
are  distinguished  by  both  line  color  and  texture. 

Data  obtained  from  existing  output  files, 
including  those  generated  on  a  main-frame 
computet  can  also  be  graphically  displayed.  In 
other  words,  huge  models  can  be  easily  created 
with  the  EAM:BSC,  a  uirsferred  to  a  main  frame 
computer  tor  exec'tion,  and  then  j-ansfened 
back  to  the  PC  for  graphical  display. 
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Figure  7.  EAM:BSC  Linear  Plot  of  F*r  Zone  Electric  Field 


One  of  the  most  useful  features  of  EAMiBSC  is 
the  ability  to  display  multiple  windows  on  the 
screen  simultaneously.  Figure  8,  for  example, 
displays  a  model  and  two  of  its  output  plots,  £- 
field  and  radiation  intensity. 


SUMMARY 

SAIC  has  developed  an  e  ectromagnetic 
scattering  analysis  tool  for  Windows™, 
EAMiBSC,  that  incorporates  the  Numerical 
Electromagnetics  Code  -  Basic  Scattering  Code 
(NEC-BSC)  with  a  graphical  pre-and  post¬ 


processor.  EAMiBSC  can  be  used  both  by 
novice  and  experienced  EM  engineers  and 
analysts.  A  user  with  only  a  basic  understanding 
of  PCs  and  Windows™  will  be  able  to  use  this 
tool  to  predict  the  performance  of  any  antenna 
and  environment  that  can  be  modeled  with  NEC- 
BSC.  EAMiBSC  automates  the  otherwise 
tedious  and  confusing  methods  required  to 
specify  inputs  and  to  view  results.  It  includes  3D 
drawing  capabilities,  easy-to-understand  output 
plots,  error  checking,  and  on-line  help.  It,  also  is 
capable  of  reading  and  editing  existing  NEC-BSC 
input  and  output  files.  Presently,  EAMiBSC 
version  1 .0  is  available. 

SAIC  has  three  otner  Windows™-based  graphical 
tools  used  for  electromagnetics  and  propagation 
analyses.  One  uses  closed  form  and  simple  MM 
solutions  to  perform  quick  parametric  studies  of 
twenty  standing  wave,  traveling  wave,  and 
aperture  antenna  types.  Since  computationally 
simple  solutions  are  used,  predictions  for  each  of 
the  twenty  antenna  types  can  be  obtained  in  under 
ten  seconds.  Another  Windows™-based  software 
package  provides  a  graphical  shell  for  the 
Numerical  Electromagnetics  Code  (NEC)  [2] 
called  EAMiNEC  [3],  NEC  uses  MoM 
algorithms  to  mode!  antenna  structures  that  are 
less  than  a  few  wavelengths  in  size.  The 
graphical  shell  is  similar  to  that  of  EAMiBSC 
except  that  it  uses  wires  for  model  construction. 
IONWIN,  SAlC's  latest  graphical  shell,  simplifies 
the  use  of  IONCAP  [4],  a  High  Frequency  (HF) 
skywave  propagation  code.  iONWIN  provides 
input  windows,  map  windows,  and  plot  windows. 
Input  windows  provide  user-friendly  dialog  boxes 
with  error  checking  for  defining  IONCAP  input 
parameters.  Map  windows  use  the  Defense 
Mapping  Agency's  Digital  Chart  of  the  World  to 
display  node  locations  and  signal-strength 
contours  on  high-resolution  maps.  Plot  windows 
are  used  to  display  IONCAP’s  numerical  output 
data  in  the  form  of  nine  types  of  Cartesian  and 
polar  plot  types. 
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Interoperability  is  built  into  all  of  SAJC's 
Windows™ -tesed  antenna,  propagation,  and  map 
software.  As  a  result,  complete  end-to-end 
communication  system  performance  can  be 
determined  quickly,  easily,  and  accurately. 
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ABSTRACT 

The  Numerical  Electromagnetic  Code  -  Method-of-Moments  (NEC-MoM),  Version  4.0 
is  the  principal  computational  toe'  for  the  determination  of  the  shipboard  EM  environment  in 
the  HF  through  VHF  bands.  The  use  of  the  NEC-MoM  for  antenna  system  and 
electromagnetic  environment  evaluation  is  a  lengthy,  tedious,  and  error-prone  process. 
NEC-MoM  requires  rigidly  defined  inputs  and  produces  large  masses  of  output  data.  A 
NEC-MoM  Workstation,  Nuinencal  Electromagnetic  Engineering  Design  System  (NEEDS) 
3.0,  was  developed  to  assist  in  making  the  method-of  moment  process  less  tedious  and 
more  error-free. 

1.0  INTRODUCTION 

The  ship  electromagnetic  (EM)  environment  today  is  >'ety  complex.  In  addition  the 
ship  EM  environment  has  become  a  critical  design  resource  as  weapons  and  sensors  have 
become  more  powerful,  more  sensitive  to  upset,  and  have  expanded  to  make  more 
sophisticated  use  of  the  EM  spectrum.  The  task  of  integrating  all  the  EM  radiating  and 
receiving  systems  into  the  topside  of  a  Navy  ship  is  very  formidable.  This  task  requires  a 
broad  and  well  founded  background  in  electrical  and  electronics  engineering,  as  well  as  a 
practical  knowledge  of  Navy  ships,  Navy  operating  procedures,  the  shipboard  operating 
environment.  Navy  equipments  and  required  system  performance, 

Ship  designers  must  address  the  key  issues  of  (1)  predicting  the  EM  environment  of 
new  ship  designs,  major  modernizations,  or  overhauls  and  (2)  assessing  the  EMI  impact  of 
thai  environment  on  system  performance  and  hence  ship  mission  capabilities.  Recent 
progress  in  workstation  capabilities  and  algorithm  development  has  significantly  increasi  d 
the  effectiveness  of  computational  electromagnetics  (CEM).  With  the  development  of  the 
NEC-MoM  Workstation,  NEEDS  3.0,  ship  designers  can  now  more  effectively  apply  these 
tools  as  an  integral  part  of  the  ship  design  process. 

NEEDS  3.0  was  developed  in  the  X-windows  environment  using  the  Motif  toolkit  for 
implementation  on  a  UNIX  workstation,  NEEDS  3.0  currently  resides  on  two  UNIX 
workstations:  the  Naval  Sea  Systems  Command  (NAVSEA)  CAD  II  Intergraph  and  the 
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Silicon  Graphics  (SGI)  Iris  Workstation.  The  supporting  engineering  graphics  were 
developed  using  SPHIGS  (Simple  Programmer's  Hierarchical  Interactive  Graphics  System). 
This  development  approach  ensures  significant  portability  between  UNIX  based  machines. 
Two  different  model  visualization  development  approaches  were  used.  Model  visualization 
v/as  developed  using  SPHIGS.  An  additional  capability  was  developed  using  SGIs  GL 
(Graphics  Library)  to  make  use  of  the  SGI  high  performance  visualization  capabilies. 

NEEDS  3.0  supports  the  three  major  modules  of  the  method-of-moments'  process: 
PROBLEM  DESCRIPTION,  EXECUTION,  and  SOLUTION  DISPLAY.  The  main  menu  bar  of 
NEEDS  3.0  is  structured  around  the  concept  of  the  three  major  modules. 
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Problem  summary 

All 

Printer.  . 

jflve 

Electrical  description 

Diagnostics 

Impedance 
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Spreadsheet. . . 
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Visualization  .  .  . 

ixit 

NEC-MoM  Import 

Charges 

NEC-MOM  execute 

Coupling 

Near  fie'-ds 

Patterns 

A  filing  capability  is  provided.  INPUT  consists  of  defining  the  geometry  of  the  antenna, 
specifying  the  electromagnetic  parameters  such  as  frequency  and  sources,  and  choosing 
output  products.  To  support  the  EXECUTION  module  NEEDS  3.0  translates  the  NEEDS 
problem  definition  into  a  NEC  4.0  problem  description.  The  NEC  output  for  a  ship  modeling 
problem  can  be  considerable  In  support  of  Solution  Display  NEEDS  3.0  provides  the  ability 
to  view  the  tabular  output.  The  tabular  results  can  also  be  displayed  in  user-specified 
engineering  graphs.  In  addition  3-D  visual  displays  are  available  to  enhance  the 
understanding  of  the  output  The  structure  of  NEEDS  3  0  is  shown  below  in  the  following 
pictorial. 
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2.0  PROBLEM  DESCRIPTION 

INPUT  consists  of  three  submodules:  Geometry  description  Electrical  description  and 
Solution  description  The  user  develops  the  PROBLEM  DESCRIPTION  accessing  the  series 
of  windows  listed  in  the  table  below. 


GEOMETRY  ELECTRICAL _ SOLUTION 


Node  Coordinates 

Frequency 

Maximum  Coupling  Calculation 

Straight  Wires 

Loads 

Near  Electric  Field 

Tapered  Wires 

Voltage  Sources 

Near  Magnetic  Field 

Catenary  Wires 

Incident  Plane  Waves 

Radiation  Patterns 

Wire  Aic 

Transmission  Lines 

Print  Options 

Helix  or  Spiral 

Two  Port  Networks 

Meshes 

Insulated  Wire 

Surface  Patches 

Ground  Parameters 

Multiple  Patches 

Additional  Ground  Parameters 

Transformations 

Upper  Medium 

Rotaltans 

Reflections 

IGES 

Spiral  Ordering 

Each  window  follows  the  Naval  Sea  Systems  Command  (NAVSEA)  defined  EM 
Engineering  Common  User  Interface  (CUI).  An  example  of  a  graphical  user  interface  (GUI) 
used  in  NEEDS  3.0  is  displayed  below  for  the  Node  Coordinates.  In  each  GUI  a  list  box  will 
appear  at  the  top  of  the  dialog  box  containing  a  list  of  the  defined  items.  Below  the  list  box 
will  be  all  of  the  entry  fields  that  define  the  parameters  for  one  item.  Along  the  right  side  of 
the  dialog  box  will  be  three  push  buttons;  Add,  Modify,  and  Delete.  The  user  adds  an  item  by 
filling  in  thu  parameter  data  and  pushing  the  Add  button.  Clicking  on  an  item  in  the  list  box 
fills  the  parameter  data  for  that  item.  The  user  modifies  that  item  by  editing  the  parameter 
data  and  pushing  the  Modify  button.  The  user  deletes  an  item  by  clicking  on  an  item  in  the 
list  box  and  pushing  the  Delete  button.  At  the  bottom  of  the  dialog  box  there  will  be  four 
buttons.  These  four  buttons  and  their  actions  are  as  follows: 

«  OK  -  Accept  all  of  the  inputs  and  dismiss  the  dialog  box, 

•  Apply  -  Accept  all  of  the  user  inputs  and  do  not  dismiss  the  dialog  box, 

•  Reset  -  Ignore  all  of  the  user  inputs  since  the  dialog  box  appeared  or  since  the  user 
hit  the  Apply  button  (whichever  happened  last)  but  do  not  dismiss  the  dialog  box, 

•  Cancel  -  Ignore  all  of  the  user  inputs  since  the  dialog  box  appeared  or  since  the  usei 
hit  the  Apply  button  (whichever  happened  last)  and  dismiss  the  dialog  box. 
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On-line  help  is  available  to  assist  the  user  in  developing  the  INPUT.  Intrinsic  diagnostics  at 
the  window  level  improve  the  quality  of  the  INPUT.  As  an  example,  intrinsic  diagnostics 
ensure  that  wires  do  not  have  zero  length. 

Complex  models  often  require  several  weeks  of  effort  to  specify,  check,  and  correct. 
NEEDS  3.0  includes  the  ability  to  input  the  geometry  from  keyboard  input.  In  addition  a 
commercial  computer-aided  design  (CAD)  package  will  be  used  to  support  this  submodule. 
It  is  desired  that  the  commercial  CAD  product  provide  the  following  capabilities: 

•  3-D  model  building 

•  2-D  model  building 

•  Interface  to  keyboard,  mouse,  and  digitizer 

•  Interface  to  IGES  file  format 

•  Automatic  meshing  for  both  wire  griding  and  triangular  patches 

•  Generation  of  3-D  model  from  a  2-D  model  description 

The  first  three  functions  appear  to  be  available  in  most  commercial  CAD  products.  The 
automatic  meshing  for  both  wire  griding  end  triangular  patcties  appear  to  he  available  in  only 
some  of  the  products.  For  complex  stn  rtures,  such  as  a  ship,  it  is  not  apparent  that  th>- 
meshing  capability  is  critical.  In  these  cases  an  automatic  mesher  will  not  be  able  to 
accommodate  the  complexity  of  the  model.  However,  thB  generation  of  a  3-D  model  from  a 
2-D  model  is  a  very  important  function,  In  many  cases  the  building  of  a  method  of  moments 
geometry  data  of  a  complex  structure,  such  as  a  ship,  will  be  initiated  from  drawings.  The 
ability  to  generate  a  MoM  model  from  a  2-D  drawing  will  be  considerably  enhanced  if  the 
computer  can  propose  an  acceptable  first  guess  at  the  3-D  model  from  the  2-D  Inputs.  The 
NRaD  developed  IGUANA  computer  code  is  able  to  perform  this  function.  Tito  CAD 
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interface  to  NEEDS  3.0  will  be  in  the  form  of  an  IGES  interface.  The  choice  of  the 
commercial  CAD  package  will  be  left  to  the  individual  user.  There  is  some  inconvenience  to 
this  approach.  Two  different  environments  will  have  to  be  learned:  the  commercial  CAD 
package  environment  and  the  NEEDS  3.0  environment, 

Finally,  a  spiraling  capability  is  available  in  NEEDS  3.0,  The  ability  to  re-sort  wires 
and  patches  along  selected  diagonals  will  considerably  reduce  the  time  required  to  solve  the 
resulting  MoM  matrix  equation.  The  amount  of  time  spent  partial  pivoting  during  the 
LU-decomposition  of  the  matrix  will  be  considerably  reduced. 

3.0  EXECUTION 

A  problem  summary  is  available  to  provide  a  quick  overview  of  the  particular  problem. 
Extrinsic  diagnostics  are  available  to  the  user  to  further  improve  the  quality  of  the  INPUT. 
The  extrinsic  geometry  diagnostics  examine  the  geometry  for  conformance  to  individual  wire, 
wire  junction,  and  patch  modeling  guidelines.  The  modeling  guidelines  reside  in  a  data  base 
which  could  be  modified  as  experience  is  gained  and  improved  method  of  moments  are 
developed.  The  GUI  in  NEEDS  3  0  for  the  geometry  guidelines  is  shovTi  below. 


Finally,  geometry  visualization  assists  in  Input  validation.  In  support  of  wire  modeling 
these  geometry  visualization  windows  include:  wire  segmentation  (segment  length  in 
meters),  wire  radius  (in  meters),  wire  segment  to  radius  ratio,  or  wire  connectivity  (none,  one, 
or  both  ends  connected).  All  of  these  windows  display  the  model  as  a  3-D  object.  As 
appropriate  to  the  specific  geometry  visualization,  the  data  is  encoded  in  the  color  ot  each 
wire  segment,  using  a  linear  or  log  color  assignment  scheme.  A  color  key  is  displayed  in  the 
lower  left  comer  of  the  window.  The  available  transformations  for  the  model  include  rotation, 
translation,  and  zooming.  A  sample  window  shows  wire  segmentation.  Modification  of  the 
geometry  can  be  accomplished  using  an  editing  capability  that  is  linked  to  the  3-D  model 
visualization. 


To  support  the  EXECUTION  module  NEEDS  3.0  translates  the  NEEDS  problem 
definition  into  a  NEC-M'  1  problem  definition,  A  capability  also  exists  for  editing  the 
NEC-MoM  problem  definition  It  is  not  necessary  to  go  back  to  tthe  problem  definition  GUIs 
to  modify  a  given  NEC  data  set.  NEC-MoM  is  then  run  using  the  NEC  problem  definition. 
NEEDS  can  also  translate  a  NEC  data  set  back  into  a  NEEDS  problem  definition. 

4.0  SOLUTION  DISPLAY 

SOLUTION  DISPLAY  consists  of  tabular  reports,  engineering  graphics  and  "thought 
enhancing"  visualization  windows.  The  availability  of  the  visualization  windows  and  the 
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quality  of  the  visualization  is  workstation  dependent.  Again,  an  additional  capability  was 
developed  using  the  SGIs  Gl.  (Grapics  Library)  to  make  use  of  the  SGI  visualization 
capability.  The  NEC  output  for  a  ship  modeling  problem  can  be  considerable.  A  filter  is  used 
to  view  specific  tabular  results.  These  results  include  "All"  of  the  NEC  output  and  the  specific 
tabular  results  including  impedance,  admittance,  currents,  charges,  coupling,  near  fields  and 
radiation  patterns.  The  filtered  tabular  output  is  then  available  for  plotting  of  engineering 
graphs,  NEEDS  3.0  includes  x-y  plots,  polar  plots  ana  the  SMITH  Chart.  The  user  has  only 
a  certain  amount  of  flexibility  in  defining  these  engineering  graphs.  The  filtered  results  are 
also  available  in  a  form  for  ’’easy"  input  to  a  commercial  engineering  graphics  programs. 
The  jser  will  make  use  of  the  commercial  engineering  graphics  programs  to  provide  the 
more  "sophisticated"  graphical  display. 

Solution  description  visualization  is  displayed  in  many  different  windows  These 
windows  include  currents  (real  component,  imaginary  component,  magnitude,  or  phase), 
total  near  field  (electric  field,  in  volts/meter),  z-component  of  near  field,  theta  component  of 
far  field,  and  phi  component  of  far  field.  Currents  on  the  geometry  are  displayed  using  the 
same  technique  as  was  used  for  the  geometry  description  products:  current  is  color  coded 
on  a  3-D  display  of  the  model,  Since  currents  are  complex,  there  are  four  different  current 
data  windows  that  can  be  displayed:  real  component,  imaginary  component,  magnitude,  and 
phase.  In  most  cases,  It  was  found  that  trying  to  display  both  components  (real  and 
imaginary  or  magnitude  and  phase)  of  a  complex  data  set  in  one  image  confused  the  user 
unnecessarily  A  decision  was  made  to  allow  the  user  to  display  complex  data  in 
side-by-side  windows  if  both  components  needed  to  be  viewed  simultaneously.  Most  users 
have  found  the  magnitude  window  to  be  most  useful.  Current  data  are  also  vectors.  For 
wires  the  current  vector  is  defined  relative  to  the  wire's  direction.  A  satisfactory, 
straightforward  method  tor  displaying  a  vector's  orientation  has  not  been  developed.  It  Is  felt 
that  the  current  direction  did  not  have  as  much  value  as  the  magnitude  and  phase  of  the 
current 

The  near  fields  are  displayed  using  a  "fog"  technique  in  which  the  density  of  activated 
pixels  in  the  image  is  linearly  proportional  to  the  field  intensity  at  the  nearest  calculation 
point.  Since  the  calculation  points  usually  form  a  3-D  grid,  the  image  contains  square  blocks 
of  fog  varying  in  density  with  the  field  intensity.  The  fog  is  color  coded  in  a  manner  similar  to 
that  used  for  the  geometry  description  products.  The  3-D  geometry  model  is  drawn  using  a 
dark  gray  color  so  as  not  to  detract  from  the  near  fiela  d 'splay.  The  near  field  windows  also 
have  a  thresholding  capability.  By  clicking  in  the  window  with  the  middle  mouse  button,  the 
user  is  able  to  selectively  change  the  threshold  at  which  Ihe  fields  are  displayed.  This  al'ows 
the  user  to  quickly  determine  what  areas  surrounding  the  model  have  fields  above  a 
particular  cutoff  level.  For  example,  the  threshold  can  be  selected  to  be  any  of  the  color  key 
bin  levels,  HERP  (Hazardous  Electromagnetic  Radiation  for  Personnel),  or  HERO 
(Hazardous  Electromagnetic  Radiation  for  Ordnance).  HERP  and  HERO  are  a  function  of 
the  frequency  at  which  the  NEC  model  was  run.  The  near  field  windows  also  display  the 
value  of  the  frequency. 

There  are  two  windows  available  for  the  display  of  far  fields.  These  windows  allow  the 
user  to  display  either  the  theta  component  or  the  phi  component  of  the  far  electric  field.  The 
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fields  are  displayed  as  a  three-dimensional  surface  The  distance  from  a  point  on  the 
surface  to  the  origin  is  proportional  to  the  field  magnitude  at  that  point  The  color  at  the  point 
is  determined  by  tha  phase  of  the  field  at  that  point.  Gouraud  shading  is  used  between 
points  to  transition  the  color. 

5.0  FUTURE  EXTENSIONS 

The  Numerical  Electron! agnatic  Engineanng  Design  System  (NEEDS)  Workstation  is 
a  concei  t  to  address  the  deficiencies  of  the  present  method  of  moments  process  This  focus 
on  the  method  of  moments  process  is  the  test  step  toward  the  development  of  an  overall 
NEEDS  Workstation  that  will  provide  user  interface  to  an  entire  family  of  numerical  modeling 
algorithms.  These  algorithms  might  include  method  of  moments,  finite  difference,  and 
quasi-optical  techniques.  This  exte,tded  NEEDS  Workstation  will  allow  the  hybridization  of  a 
problem  to  allow  the  mixing  of  solution  techniques  within  an  individual  problem  The  initial 
development  of  the  NEEDS  Workstation  has  focused  on  •  modular  approach  that  allows  the 
incorporation  of  algorithms  beyond  the  method  of  moments. 
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AutoNEC  ...  A  nvuriage  of  convenience. 


►V.  Alan  Nott 

Electromagnetic*  Engineer 
Information  Systems  Division 
Engineering  Development  Establishment 
Private  Bag  12,  Ascot  Vale,  Victoria,  Australia,  1032. 


Background: 

Engineering  Development  Establishment  (EDE)  is  the  design  agency  far  much  of  the  Australian  Army's 
equipment.  Work  on  radiation  hazards  (RADKAZ)  to  explosives  and  equipment  has  been  performed  at  EDE 
for  over  20  years.  Lately  EDE  has  become  increasingly  involved  in  the  assessment  of  tragical  hazards  and 
propagation  prediction.  Since  1060,  NEC-2  has  been  run  on  a  mainframe  some  500  miles  distant  from  EDE. 
Access  is  by  means  of  a  terminal  and  line  printer,  and  the  arrangement  lacks  any  graphics  capability.  On  this 
system  running  jobs  of  any  complexity  presented  many  pnp'ems,  particularty  those  of  job  creation  and 
interpretation.  However,  the  availability  of  petsonal  computer  (PC)  versions  of  NEC  now  enables  large  jobs  to 
be  run  in  house  and  sophisticated  pro-  and  post-  processing  of  data  has  became  a  reality.  AutoNEC 
addresses  this  urea. 

AutoNEC  is  an  evolving  suite  of  software  which  is  run  both  Internal  and  external  to  AutoCAD  to  interface  it 
with  NEC.  It  removes  much  of  the  trauma  associated  with  the  preparation  and  analysts  of  large  jobs, 
particularly  for  mulUpie  runs  made  over  a  large  number  of  frequencies.  Many  attempts  have  been  made  by 
others  to  provide  a  user-manageable  interface  to  NEC  for  large  jots.  NEEDS  provides  for  manual  as  well  as 
digitised  data  input  and  supports  a  variety  of  output  formats  including  ta  nutations  and  plots.  Needs  provides  a 
moderately  friendly  environment  but  requires  specific  hardwat  to  bike  full  advantage  of  its  capabilities. 
Lacking  this  hardware,  EDE  chose  an  alternative  approach  -  to  -velop  software  to  link  NEC  and  AutoCAD, 
both  of  which  run  on  a  PC  -  hence  the  name  AutoNEC. 

AutoNEC  reduces  the  need  for  manual  preparation  and  interpretation  of  large  amounts  Of  data,  it  also  makes 
use  of  AutoCAD's  extensive  three  dimensionel  (30)  drafting  capability  tor  generation  and  examination  of 
models  to  bu  evaluated  and  to  display  of  the  results  of  a  run.  It  significantly  reduces  the  need  for  a  user  to  be 
familiar  with  the  capabilities,  limitations,  requirements  and  idiosyncrasies  of  NEC.  It  requires  no  :Tecial 
hardware,  using  a  mouse  or  a  digibsing  tablet  as  a  pointing  device.  AutoCAD  is  an  open  architecture  drying 
package  which  can  be  fully  customised.  It  allows  the  user  to  write  specialist  procedures  in  AutoLISP  (and  ikjw 
in  C)  to  control  its  execution  and  AutoNEC  makes  extensive  use  of  this  capability.  When  installed,  tf'se 
procedure-  merely  become  extensions  to  the  AutoCAD  instruction  set.  The  original  AutoLISP  proced  es 
wore  written  for  AutoCAD  Version  10.  These  were  transferred  without  change  to  Versions  1 1  and  12.  The 
enhancem  nts  now  available  with  Version  12  offer  an  almost  seamless  user  Irrterfece.  and  much  of  the  code 
originally  developed  as  external  PASCAL  procedures  is  being  rewritten  to  run  within  AutoCAD.  In  addition, 
Version  1 2  provides  for  extender!  entity  data  it  is  now  possible  to  append  additional  data  to  such  as  wire 
diameter,  segmentation,  tag  numbers,  electrical  parameters  and  textual  data  to  standard  drawing  entities 

Vfhat  don*  AutoNEC  do? 

AutoNEC  provides  an  efficient  means  of  creation  of  NEC  input  files  directly  from  AutoCAD  drawings  of  the 
structure.  As  AutoNEC  has  the  ability  both  to  create  NEC  input  tiles  from  a  drawing  and  vj  generate  drawings 
from  NEC  input  files,  the  structure  ta  be  analysed  car  be  edited  either  as  a  drawing  or  text. 

During  job  creation  the  following  functions  ere  provided: 

a  mode!  integrity  checks  including  zero  length,  duplicated,  unterminated  and  intersecting  wires, 

•  optional  rounding  and  merging  of  node  (wire  end  )  positions 


380 


•  recreation  of  the  structure  drawing  from  a  NEC  input  file. 

•  automatic  segmentation  of  wire  elements. 

•  interactive  control  card  generation. 

•  automatic  creation  of  multiple  NEC  input  files  where  segmentation  cannot  cover  the  frequency  range 
required. 

•  automatic  creation  of  a  batch  file  to  control  processing , 

•  automatic  generation  of  Sommertetd  files,  where  required 

•  automatic  creation  of  the  initial  entries  In  an  audit  trait. 

Following  a  NEC  run  the  following  functions  are  provided: 

•  creation  of  radiation  pattern,  near  field,  induced  voltage  or  current  data  files  in  a  concise  format.  This 
includes  the  removal  of  superfluous  data  and  merging  of  files  from  multiple  nms. 

•  creation  of  antenna  database  files  for  use  with  the  ASAPS  and  PSYCHIC  HF  r  rediction  programs. 

•  maintenance  of  the  audit  trail. 


AutoNEC  can  also  produce  drawings  derived  from  NEC  output  data.  These  presently  comprise  radiation 
patterns  and  near  field  contours.  These  images  can  be  manipulated  as  30  drawings,  and  multiple  Images  can 
be  generated  and  run  as  slide  shows  within  AutoCAD.  Images  can  be  further  enhanced  by  rendering  and 
shading,  either  within  AutoCAD  or  by  using  packages  such  as  RTNDERMAN  or  3DSTUDI0. 


Structure  representation: 

Although  AutoCAD  supports  modeling  with  3D  surfaces,  because  of  the  nature  of  structures  of  immediate 
interest  to  EDE,  the  development  of  AutoNEC  has  so  far  been  confined  to  wire  elements.  Wire  modeling 
allows  more  accurate  ground  modeling  with  the  Sommerfetd/Nocton  method,  particularly  for  structures  near 
ground  -  a  method  which  is  nqt  available  with  surface  pitches.  To  ma  irtain  accuracy,  segment  lengths  need 
to  be  between  10''x  and  When  a  wire  model  is  analysed  over  a  wide  frequency  range,  to  remain 

within  these  limits  th  number  of  segments  of  a  wire  element  rises  with  frequency.  NEC  allows  user 
specification  of  element  segmentation,  and  AutoNEC  will  automatically  determine  segmentation  in  the  NEC 
pre-processor.  Multiple  NEC  input  files  are  generated,  each  covering  a  specific  frequency  range  and  with 
appropriate  segmentation  arid  control  cards  in  each 


Fig  1:  Wire  models  of  a  helicopter  -  444  and  14M  wirea  respectively. 
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NEC  input  file  itructur*: 

T 't  NEC  input  file  consists  of  the  following  main  sections: 


•  Comment  section:  AutoNEC  initially  generates  this  section  within  AutoCAD.  It  contains  user  comments 
input  through  AutoCAD,  and  the  beginnings  of  the  audit  trail,  including  drawing  source  file  names,  date  of 
last  modification  and  processing  date.  NEC  transfers  the  comment  section  directly  to  its  output  file.  As 
subsequent  AutoNEC  processing  expands  the  audit  trail,  files  produced  at  vaiious  stages  contain  a 
complete  history  of  their  origins  and  processing. 

•  Geometry  section:  Thin  describes  the  model  geometry,  segmentation,  wire  diameter  and  tag  references. 
Wires  selected  by  the  u  within  AutoCAD  arc  passed  with  non-zero  tag  numbers  for  reference  during 
subsequent  processing. 

•  Control  section:  This  contains  ron  parameters  such  as  frequency,  excitation,  segment  loading  and  the 
output  required.  An  interactive  control  cord  processor  inserts  control  statements  as  well  as  adding 
corresponding  'oommenf  cards  forsubsequt  .il  control  of  post-processing. 

Preparing  a  Job: 

The  NEC  input  file  is  produced  as  follows: 

AutoCAD  is  used  to  drew  a  3D  wire  model  of  the  structure  -  often  by  laying  wires  directly  over  the  existing 
manufacturing  drawings.  A  number  of  additional  commands  have  been  added  to  the  standard  AutoCAD  set 
aimed  at  the  painless  generation  of  accurate  models.  Duplicate  and  zero  length  wires,  which  can  result  from 
careless  use  of  AutoCAD,  can  be  deleted.  A  file  name  IS  automatically  generated  from  the  generic  drawing 
name  plus  the  extension  '.GEO'  -  geometry.  This  generic  file  name  (with  different  extensions) ,  is  transferred 
to  all  subsequent  files  during  the  processing  through  NEC  and  bade  to  AutoCAD,  thus  producing  a  coherent 
series  of  files.  Audit  trail  data  and  user  comments  are  written  into  the  comment  area,  and  this  followed  by  the 
geometry  section. 


or  Batata*. aao 
cu  2449357.9449 

or  D:\Kxuo\caurxoi\BB444iar.0NK3 
Or  2 t 49357. 0179 
at 

CM  Sell  cop  ter  bMttm 

car  leas  rotor*  *r*l  load  carrier* 


at  Bapected  entered  eated  esda  -  0 
car  Vaga  referenced  -  1 
cs 

a*. 0,0, 0.0000, 14. 24S0, -1.4310, -0,6010,14. 2510, -1.1250, 0 . 020 
OH, 0, 0,-0. SOSO, 14. 2510, -1.4250, -0. 5440, 14. 4510,-1. 4720, D.OZO 
OH,  0,0,-0.5440,1''..  45*0,.  1.4720,0.0000,15.0040,-1.7210,0.020 
OH,  0,0, 0.OOOO, 14. 24SO, -1.4310, 0.0000, 13. 4470, -0.1050, 0.020 
oh, o, o, o.oooo. 13. 4470, -o.eeso, -0.1120, 13. 4550, -1.1200, 0.020 

OH, 0,0, -0.S120, 13. 4550, -1.12 00, -0.4010, 14. 2510, -1.4250, 0.020 


Fig  2:  AutoCAD  output  file  format 


AutoNEC  then  massages  the  file  Into  owumns  for  ease  of  reading  Geometry  checks  ere  performed  and  if  the 
file  is  error-free,  the  NEC  oontrol  statements  ere  generated  interactively  and  appended  to  the  file.  Node  co¬ 
ordinates  (wire  ends)  can  be  rounded  to  1  user-defined  resolution  and  nodes  which  lie  within  a  user-defined 
distance  of  each  other  can  be  merged.  Such  dipabilities  have  been  found  invaluable  in  tidying  up  large  jobs 
which  are  badly  prepared  and  contain  a  multitude  of  small  geometry  errors.  Checks  are  performed  for 
untsrminsted,  hosting,  zero  length,  intereertinn  and  duplicated  wires.  Errors  are  Tagged  and  the  user  advised. 
The  user  can  either  manually  edit  the  data  file,  and  read  the  corrected  file  back  into  AutoCAD  to  update  the 
drawing,  or  correct  the  drawing  and  regenerate  the  NEC  input  file.  With  errors  flagged,  they  can  be  selectively 
displayed  in  different  colours  within  AutoCAD. 
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Fig  3:  NEC  input  file  format 


If  errors  are  found,  the  segment  field  is  loaded  with  the  wire  reference  number  When  the  geometry  is  error- 
free.  one  or  more  NEC  input  files  are  created.  Auto-aegmentation  is  performed  at  this  time,  and  a  batch  file 
to  run  the  job  is  generated.  If  an  attempt  is  made  to  nin  a  file  corfaining  errors,  NEC  cannot  process  the 
embedded  error  messages  and  aborts  quickly.  Alternative,  if  the  only  errors  are  lera  length  or  duplicated 
wires,  AutoNEC  can  generate  the  required  NEC  input  and  batch  files  with  these  wires  deleted.  The  user  can 
then  regenerate  the  corrected  drawing  from  any  of  the  NEC  input  hies. 

CM  ra«  K44tm.I0l  created  at  OH; 35  oa  (-1-19M  trow 
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Fig  4:  NEC  input  fill  showing  flagging  of  geonratry  snore. 

Running  a  Job: 

One*  the  job  has  boon  prepared.  If  is  ran  by  axecufioo  of  tiis  appropriata  batch  file.  This  will  create  output 
files  for  each  of  the  input  files,  as  well  as  including  or  creating  the  necessary  Sommerfeld  hies. 

Examining  the  output: 

NEC  produces  fairly  large  output  files  -  even  with  the  use  i  print  control,  quarter-Mbyte  files  are  not 
uncommon  for  a  single  frequency  run.  For  (tins  over  many  freqencies,  this  data  is  well  into  the  MegaByte 
range.  Apart  from  the  data  aspects  of  these  files,  there  are  indicators  of  possible  inaccuracies  arising  from  a 
badly  conditioned  job.  AuloNEC  keeps  an  eye  open  (or  these  and  warns  the  user.  However, (or  most 
applications,  very  little  of  this  output  may  be  of  interest,  AutoNEC  contains  a  post- processor  which  sumarises 
the  data  in  a  file  of  friendly  structure,  reasonable  size,  and  which  can  be  read  directly  Into  AutoCAD  or  printed. 
AutoNEC  also  has  the  capability  to  merge  files  resulting  from  multiple  runs  at  different  frequencies. 

A  number  of  summary  file  structures  have  been  developed  for  different  types  of  run  e.g.  radiation  patterns, 
near  fields,  and  induced  currents  The  user  can  examine  the  summary  files,  or  can  import  them  into  AutoCAD 
as  3D  drawings. 
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Fig  S:  Friendly  Hla  atructure  for  antenna  gain. 

Analysis  capability: 

NEC  can  perform  a  variety  of  different  analysis  tasks.  To  date  trie  following  general  types  of  evaluations 

have  been  considered. 

•  Far-field  sky-wave  and  ground-wave  antenna  gains.  This  work  has  already  largely  devoloped  and 
examples  of  3D  antenna  gain  plots  are  included  in  this  paper.  As  well  as  a  tool  for  propagation  prediction, 
this  technique  has  considerable  potential  in  electromagnetic  visualisation  and  education. 

•  Near  field  E  and  H  field  intensities.  This  technique  has  immediate  application  in  all  areas  of  RADHAZ 
work.  Algorithms  are  being  expanded  for  plotting  30  contours  of  field  intensities  over  the  original 
geometry  drawing  within  AutoCAD. 

■  Induced  currents  and  voltages.  General  purpone  graphing  routines  are  being  developed  to  plot  safe  field 
st rent  •gsinst  frequency,  based  on  the  susceptibility  thresholds  srvi  induced  voltage  or  current. 
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Fig  6:  Examples  of  antenna  radiation  patterns. 


Fig  7 :  Near  field  contours  in  a  Landrover. 


Using  the  SLIDE  capability  of  AutoCAD,  moving  pictures  of  radiation  patterns  have  been  produced.  With  this 
technique  a  series  of  antenna  radiation  patterns  can  rapidly  be  displayed  as  the  frequency  changes,  or  as  the 
observer  moves  around  the  pattern.  A  series  of  such  images  on  video  tape,  particularly  when  enhanced  with 
rendering  end  shading,  has  significant  polential  as  a  training  akj  in  antenna  theory,  and  will  provide  dramatic 
visualisation  of  the  radiation  patterns. 

Future  development: 

Reduction  of  NEC  execution  times,  particularly  with  multiple  runs  of  large  jobs,  is  being  addressed.  A  recent 
acquisition  is  a  ten-transputer  'PC’,  and  it  i  hoped  to  have  a  parallel  version  of  NEC  running  before  the  end  of 
19^4  Other  areas  yet  to  be  addressed  include  improved  scratch  file  efficiency  and  the  ability  to  embed 
comments  anywhere  in  the  NEC  input  file.  The  latter  will  provide  significant  benefit:*  in  the  Interpretation  of 
large  NEC  files,  particularly  within  the  geometry  definition  section.  Methods  to  autoi  riically  assigning  wire 
diameters  is  also  being  considered. 
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Tlic  enhanced  capability  ot  AutoCAD  Version  12  offers  the  possibility  of  incorporating  most,  if  not  all,  of  the 
processing  presently  done  under  DOS  using  stand-alone  programs.  Further  possibilities  in  the  AutoCAD  area 
include: 

•  Production  of  a  NEC-specific  menu  structure  for  AutoCAD. 

•  Development  of  procedures  for  colour  plotting  of  field  contours,  . 

•  Conversion  of  the  programs  tunning  within  AutoCAD  from  LISP  to  C  for  Improved  speed 

•  Development  of  AutoCAD  drawing  entities  which  fully  parallel  those  used  by  NEC  -  e.g.  wires  will  have 
diameters  and  not  merety  and  points,  networks  and  transmission  lines  will  have  electrical  parameters,  and 
appropriate  information  will  be  associated  with  tagged  wiles. 

•  Conversion  between  surface  patch  and  wire  model  topologies  where  appropriate 

•  Shading  and  rendering  of  3D  models  of  radiation  patten  £  and  held  contours 
Conclusion: 

AutoNEC  has  considerably  enhanced  the  accessibility  of  NEC,  and  at  the  same  time  reduced  problems 
associated  with  data  preparation  and  interpretation.  With  accurate  definition  of  the  structure  to  be  analysed, 
‘he  time  for  preparation  of  large  NEC  Input  files  has  been  reduced  from  weeks  to  days.  Examination  of  the 
results  can  now  be  done  visually  rather  than  wading  through  pages  of  figures. 

It  has  applications  in  a  wide  variety  of  electromagnetic  evaluations  including: 

•  Plotting  ot  JO  radiation  patterns  and  field  contours  of  radiating  structures,  such  as  antennas,  for  both  near 
and  far  fields. 

•  Investigation  of  radiation  pattern  anomalies  from  specific  antenna  configurations. 

•  Preparation  of  antenna  characteristic  data  for  Incorporation  In  HF  prediction  programs. 

«  Estimation  of  currents  coupled  from  e  radiating  structure  to  a  system  containing  sensitive  devices  such  as 
electro-explosive  devices. 

•  Plotting  of  safe  field  profiles  for  personnel,  equipment  and  explosives,  given  the  knowledge  of  the  victim 
susceptibility 

•  Production  ot  advanced  training  aids  for  those  involved  In  electromagnetic  training,  propagation  and 
analysis. 

The  techniques  and  procedural  so  far  devalopad  show  considerable  potential  in  many  areas  of 
electromagnetic  analysis  and  aducation.  The  enhancements  available  using  AutoCAD  Version  12  will 
slgnhlcarrlly  refine  the  user  interface. 

Although  Input  formats  differ.  GEMACS  and  other  electromagnetic  modeling  packages  use  essentially  similar 
types  of  input  and  output  data,  and  AutoNEC  could  readily  be  adapted  to  support  these  codes.  It  will  also  be 
extended  to  support  NEC-3  when  it  finally  becomes  available 
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Abatract 

This  paper  will  introduce  a  companion  code  to  the  NEC  Basic  Scattering  Code  version 
2,  BSC2.  BSC2  is  a  member  of  the  NEC  family  of  codes  used  lo  model  the  behavior  of 
structures  in  the  presence  of  electromagnetic  fields.  BSC2  uses  the  principles  of  ray  optics 
and  the  Geometrical  Theory  of  Diffraction  to  perform  the  analysis.  The  companion  code, 
called  the  Basic  Scattering  Code  Viewer  or  BSCV  allows  the  user  of  BSC2  to  view  the  ray 
paths  chosen  by  the  code,  in  addition  tiie  viewer  can  draw  the  radiation  patterns  computed  by 
BSC2  and  preview  the  object  modeled  by  the  code.  It  is  anticipated  that  the  viewer  will  be  a 
valuable  tool  in  the  analysis  of  models  using  the  BSG2  code  as  well  as  a  tool  in  debugging 
BSC2  itself.  The  operation  of  the  viewer  as  well  as  the  requirements  for  the  use  of  the  viewer 
will  be  discussed. 


INTRODUCTION 

The  NEC  Basic  Scattering  Code  (version  2),  developed  at  Ohio  Slate  Uni  vastly  ,  is  used  to  analyze  the  near 
and  far  field  radiation  patterns  of  antennas  in  the  presence  of  scattering  stmcunes[l]  The  structure  to  be  analyzed 
is  approximated  by  a  model  consisting  of  fiat  plates  and  elliptical  cylinders.  These  plates  may  have  a  coating  of 
dielectric  layers  or  may  be  a  single  perfectly  conducting  layer.  The  code  allows  the  user  to  place  transmit  and 
receive  antennas  or  arrays  of  antennas  anywhere  around  the  geometry  under  question.  The  analysis  techniques  are 
based  upon  the  Uniform  Geometrical  Theory  of  Diffracoon,  LTD.  Due  to  the  nature  of  the  analysis  technique,  this 
code  Is  used  for  high  frequency  analysis.  That  implies  that  the  scattering  structure  must  have  dimensions  on  the 
order  of  a  wavelength  or  greater. 

The  companion  code,  BSCV,  will  preview  the  scattering  geometry  and  display  it  on  the  screen  of  the 
terminal  or  print  if.  as  the  user  desires.  The  BSCV  code  allows  the  user  to  then  plot  the  radiation  patterns  as  well 
as  drew  the  ray  paths  as  they  are  determined  from  the  BSC2  run.  The  BSCV  runs  within  a  MATLAB[2J 
environment  and  uses  both  MATLAB  as  well  as  FORTRAN  languages  to  perform  the  required  functions.  The 
BSCV  code  can  also  run  a  subroutine  trace  and  prim  out  the  poinu,  as  well  as  the  subroutines,  used  in  calculating 
the  various  UTD  mechanisms  used  to  determine  the  field  at  each  evaluation  point. 


NEC.BAS1C  .SCATTERING  COPE 

The  NEC  Basic  Scattering  Code  uses  UTD  techniques  to  characterize  die  field  behavior  due  to  scattering 
objects.  The  mechanisms  used  are  the  dree,  rays,  reflected  rays,  edge  diffracted  rays,  comer  dii fractal  rays,  and 
creeping  waves.  Higher  order  effects  such  as:  twice  reflected  rays,  diffracted' diffracted  rays,  rcflected-diffracied 
rays,  and  diffracted- reflected  mys,  are  also  considered  by  the  code.  Each  mechanism  is  determined  by  a  separate 
subroutine.  The  geometry  of  the  scattering  material  as  well  as  the  source  and  receiver  positions  are  stoird  in 
common  data  blocks  that  are  shared  by  all  the  routines  that  require  the  information. 
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The  input  of  the  code  contains  the  required  information  on  the  scattering  geometry  and  the  data  on  the  form 
and  position  of  the  source*.  The  measurement  point*  used  to  form  the  radiation  pattern  and  my  coupling 
calculations  are  also  specified  in  the  input  section,  The  form  ci  the  input  section  is  a  text  file  with  the  data  and  the 
instructions  written  dervn  following  a  predetermined  format. 

The  output  of  the  oode  is  a  senes  of  clear ic  and  magnetic  field  values,  magnitude  and  phase,  at  each 
measurement  point.  The  values  of  the  coupling  between  antennas  would  also  be  given  in  this  section.  The  output 
is  produced  as  a  text  file. 

The  process  by  which  the  BSC2  code  arrives  at  the  ovtput  is  not  presented  to  the  user.  The  diffraction 
coefficients  used  by  the  code  and  the  UTD  mechanisms  do  not  come  to  light  during  the  normal  operation  of  the 
code.  To  shed  further  light  onto  whit  happens  during  the  operation  of  the  code  the  companion  code  was 
developed 


THE  BASIC  SCATTERING  CODE  VIEWER 

The  BSCV  begins  with  the  same  information  set  that  tl*  BSC2  code  starts  with,  namely  the  geometrical 
data  that  is  used  to  represent  the  system  under  study.  The  viewer  then  translates  the  input  data  on  the  geometry 
into  a  throe  dimensional  shape  representing  what  dte  code  perceives  as  the  scattering  form.  The  transmitting 
antennas  arc  also  placed  in  their  proper  positions  with  respect  to  the  scattering  object  This  is  the  previewing  stage 
of  the  BSCV  code.  The  person  using  the  code  may  check  to  see  if  the  input  geometry  is  of  the  correct  shape.  This 
affords  die  user  of  the  code  a  change  to  error  chock  the  input  before  running  the  BSC2  code  itself.  The  previewing 
section  can  be  used  without  running  die  BSC2  code  since  the  only  data  it  requires  is  the  input  geometry.  The 
translation  of  the  input  data  into  the  image  is  done  in  two  pans.  The  input  data  is  first  prtrprocesaed  by  a 
FORTRAN  code  into  suitable  format  for  MATLAB.  The  pie  processed  data  is  then  sent  to  MATLAB  which  will 
'taw  the  shape  on  the  screen. 

The  next  stage  is  the  running  of  the  BSC2  code  itself.  The  data  lor  the  ray  tracing  and  the  radiation 
patterns  U  extracted  from  B5C2  as  the  codo  runs.  The  data  is  lapped  from  the  subroutines  as  they  are  calculated 
ami  then  written  10  j  data  file.  This  data  is  then  used  to  draw  the  ray  paths  as  calculated  by  BSC2.  The  rays  are 
color  coded  according  to  the  diffraction  mechanism  so  as  to  m^e  differentiation  easier  far  complex  scattering 
geometric  forms.  The  rays  are  then  superimposed  upon  the  shape  drawn  by  the  previewer  so  that  the  person  using 
the  viewer  can  observe  the  effect  of  each  of  the  components  of  the  scattering  geometry  upon  the  rays  framing  the 
total  field.  The  radiation  patterns  are  plotted  from  the  output  data  file  written  by  BSG2  after  It  has  completed  the 
run.  The  viewer  also  traces  the  subroutines  and  the  data  generated  by  each  subroutine.  A  data  trace  file  is 
generated  from  the  information  extracted  from  subroutines  during  the  BSC2  run.  This  along  with  the  radiation 
pattern  and  ray  path  data  gives  a  good  picture  of  what  the  code  did  during  the  run.  This  can  prove  to  b  a  valuable 
set  of  information  when  debugging  or  analyzing  the  code.  The  person  using  the  code  can  now  <ec  which  rays  are 
affecting  the  pattern  at  any  chosen  point  This  will  allow  the  person  doing  the  analysis  id  see  if  u  certain  section  of 
the  geometry  affects  the  radiation  pattern  in  the  expected  way  or  if  'be  code  treats  the  scattering  object  dilteremly. 
The  color  coding  of  the  different  rays  will  allow  easy  characterization  of  the  UTD  effects  being  viewed.  The 
translation  of  the  data  into  the  image  seen  on  the  screen  is  done  entirely  within  MAT!  AB .  The  data  is  written  to 
files  as  soon  as  it  is  processed.  The  data  is  then  extracted  from  the  files  by  MATT  AB  and  used  to  draw  the  ray 
paths  and  the  radiation  patterns. 


REQUIREMENTS  FOR  THE  CODES 

The  BSC2  code  is  set  up  on  a  UNIX  workstation  and  must  be  compiled  l>y  a  FORTRAN  compiler.  The 
memory  requirements  are  on  the  order  of  300  kbytes  of  core  memory.  The  BSCV  code  is  set  up  within  a  MATlAB 
4.0  environment  that  is  supported  in  turn  by  X- WINDOWS.  This  is  a  UNIX  workstation  environment.  The 
viewer  will  also  run  cn  2  PC  windows  version  of  MATLAB  4.0.  The  viewer  has  some  routines  that  must  be 
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compiled  in  the  same  way  as  the  BSC2  code.  Tie  viewer  generates  a  series  of  scratch  files  that  hold  temporary 
variables  used  in  generating  the  ray  paths  and  the  geometry  of  the  scattering  object.  These  scratch  files  will 
require  disk  space.  The  size  of  the  scratch  files  will  depend  upon  the  complexity  of  the  geometry  and  the  number 
of  field  points  chosen.  The  companion  code  can  be  set  to  delete  the  scratch  files  when  the  user  exits  the  code.  This 
will  allow  for  the  disk  space  »  b  nfter  this  application  is  terminated.  The  scratch  files  may  take  up  from  1 

to  50  kilobytes  typically.  The  s  scratch  files  is  dependent  upon  the  number  of  field  points  chosen,  this 

implies  (hat  a  Urge  number  of  oo  .  un  points  could  result  in  the  scratch  files  taking  up  more  space  than  the 
range  mentioned  *bo"e. 


RESULTS  AND  DISCUSSION 

The  code  uses  edge  diffract*  i  smooth  the  transition  from  a  region  where  a  direct  or  reflected  ray 
suddenly  turns  on  or  off.  The  disc  .unity  in  the  radiation  pattern  caused  by  the  sudden  appearance  or 
disappearance  of  one  of  the  above  mentioned  rays  will  be  smoothed  oul  The  code  uses  comer  diffraction  to 
compensate  for  the  sudden  appearance  or  disappearance  of  an  edge  diffracted  ray.  The  comer  diffraction  will 
smooth  the  radiation  pattern  so  that  die  sudden  change  in  the  diffracted  field  will  not  cause  discontinuities  in  the 
radiated  field. 

The  first  nest  run  was  with  a  lxl  meter  plaio  at  299  MHz.  The  location  of  the  source  was  (-5,0,5)  meters 
in  (X,YZ)  respectively.  The  source  waa  a  z  directed  dipole.  The  radiation  pattern  was  taken  in  a  half  circle  of 
radius  10  mecen  starting  above  the  plate  and  ending  below  the  plate.  The  pattern  wee  calculated  in  increments  in 
theta  of  one  degree.  Theta  is  the  angle  measured  from  the  Z  axis,  (perpendicular  to  the  plate),  to  the  X-Y  plane, 
(the  plane  of  the  plate).  For  validation  the  same  calculations  were  performed  using  a  moment  method  code. 
Richmond's  THNWR  codc[3]  was  used  with  8  wire  grid  forming  the  plate  with  a  mesh  size  of  0.1  A-  A  sample  of 
the  associated  ray  picture  is  given  by  Fig  1.  The  rays  present  are  the  comer  diffracted  rays  and  the  edge  diffracted 
rays  for  this  particular  observation  point  The  following  figure.  Fig.  2,  is  the  radiation  pattern  for  the  given  cut 
calculated  by  the  two  different  techniques  mentioned  above.  The  position  phi-0  corresponds  to  the  positive  X  axis. 
The  position  phi*  90  corresponds  to  the  positive  Y  axis.  The  radiation  pattern  is  a  yaw  plane  pattern. 

The  second  run  was  done  on  a  circular  cylinder  of  length  15  meters  and  radius  1.35  meters.  The  run 
calculated  die  radiation  pattern  about  a  circumferential  path  of  20  meters  radius.  Fig  3  shows  an  associated  ray 
path  at  one  of  the  measurement  points.  The  radia&ra  pattern  itself  is  shown  in  Hg.  4.  The  position  of  phi  equal  w 
zero  degrees  corresponds  to  the  end  of  the  cylinder  opposite  to  the  source.  The  source  is  mounted  above  one  end  of 
the  cylinder.  The  source  is  a  radially  directed  dipole.  The  position  in  the  Cartesian  plane  is  (  -5.054,03-1335). 
The  source  is  again  a  dipole  identical  so  the  one  in  the  first  nin.  The  rays  present  are:  the  ray  diffracted  from  the 
cndcap  of  the  cylinder  as  well  as  the  direct  ray  and  the  ray  nrilacted  from  the  cylinder  skW. 

The  third  run  waa  .lone  on  a  model  of  the  Challenger  jet.  The  Challenger  jet  is  a  small  commercial 
aircraft  with  a  length  of  15  meters  and  two  engines  mounted  aft  of  the  nudsecuon  of  the  plane.  The  body  of  the 
plane  was  modeled  as  a  cylinder  with  a  circular  cross -section.  The  engine*  wtrt  modeled  as  flat  plasei  as  were  the 
fins  and  wings.  The  cylinder  forming  the  fuselage  of  the  aircraft  is  identical  to  that  of  the  srcond  run.  The  source 
is  of  the  same  type  and  has  the  same  position  as  the  source  of  the  second  run  The  cylinder  accounts  for  an  edge 
diffracted  ray  from  the  endcap.  as  well  as  a  reflected  ray  from  the  side  of  the  cylinder.  The  plates  that  model  the 
wings  allowed  edge  diffraction  as  well  as  diffracted  reflected  rays.  The  greater  complexity  in  the  ray  picture  is 
mirrored  by  a  more  complex  radiation  pattern.  Fig.  5  shows  a  ray  picture  of  the  model  with  a  dipole  source  at  (- 
5.054  0  3.1335)  in  the  Cartesian  coordinate  system.  The  receiver  is  directly  above  the  eerier  of  the  aircraft  model 
at  (0  0  10)  in  the  Cartesian  coordinate  system.  Fig.  6  shows  the  radiation  pattern  associated  with  a  path  about  the 
length  of  the  aircraf  t. 
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CQMCLUaQM 


The  use  of  the  companion  code  BSCV  10  handle  ihe  input  and  output  of  the  BSC2  code  has  several 
advantages.  The  input  file  can  be  previewed  before  the  running  of  the  BSC2  code.  This  allows  the  user  of  the  code 
to  check  the  input  geometry  before  actually  running  the  code.  This  visual  previewer  will  allow  a  quick  and  easy 
way  to  double  check  the  input  file.  After  the  code  has  been  run,  the  companion  code  will  allow  the  use  to  draw  the 
radiation  patterns.  If  any  abnormality  or  unexpected  value  occurs  in  the  radiation  pattern,  the  ray  tracing  option 
will  allow  the  persons  using  the  code  to  see  what  the  imy  picture  is  for  that  particular  Bold  point.  This  will  allow 
the  code  user  to  determine  what  aspects  of  the  geometry  affect  that  particular  field  point  If  it  is  suspected  that  an 
unexpected  GTD  mechanism  occurs  or  a  GTD  mechanism  is  missing,  the  color  coded  rays  will  show  the  user  what 
rays  are  present  and  allow  the  code  user  to  determine  what  mechanisms  arc  present.  The  companion  code  will  also 
provide  a  trace  of  all  the  rays  and  the  subroutines  that  generated  them.  This  will  help  the  code  user  in  debugging 
or  modifying  the  BSC2  code  if  there  is  a  need.  A  PC  code  which  will  produce  a  picture  of  the  input  of  the  BSC2  is 
commercially  available.  The  commercially  available  code,  EAM:BSC[4]  docs  not  have  the  ray  tracing  features 
mentioned  above.  The  EAMBSC  code  will  only  preview  the  input  of  the  code  and  not  produce  any  of  the  other 
ray  tracing  or  debugging  features.  While  U  will  produce  radiation  patterns,  the  EAMrBSC  code  does  not  provide 
the  additional  debugging  features  present  in  the  BSCV  code. 

It  is  anticipated  that  the  above  features  of  the  companion  code  will  make  it  a  valuable  tool  in  the  analysis 
of  models  using  the  BSCZ  code  as  well  as  a  tool  in  debugging  BSC2  itself. 
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Fig'll*  1:  Flat  Xxl  plat*  ray  picture 


Comparison  o<  radiation  patterns  tor  1X1  wavetenyth  plate 


Theta  In  degrees 


Figure  2:  Radiation  patter  for  1x1  plete  elevation  plane 
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Circumferential  field  magnitude  for  Challenger  model 


Figure  (StRadiation  pattern  for  model  of  jet 
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A  New  Method  for  Graphical  Display  of  GTD  Scattering 
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INTRODUCTION 

Does  the  thought  of  electromagnetic  (EM)  analysis  codes  conjure  up  images  of  a  black  box 
where  you  feed  information  in  and  wait  for  an  answer,  hopefully  correct,  out  of  the  opposite  end1’  If  so, 
you  aren't  alone.  Many  engineers  are  finding  today  that  valuable  information  can  be  obtained  during  the 
process  of  solving  a  problem  rather  than  just  from  the  final  output  dau  set.  Also,  there  arc  educational 
reasons  for  viewing  intermediate  data  from  an  analysis  program  A  large  area  of  interest  in  EM  analysis 
involves  the  scattering  of  EM  energy  from  an  object(s)  for  antenna  placement,  radar  cross  section 
analysis,  etc.  This  paper  describes  a  new  method  for  displaying  Geometrical  Theory  of  Diffraction 
(GTD)  scattering  information.  The  generation  and  display  of  the  GTD  scattering  data  has  been 
incorporated  into  the  pro;  (rams  the  QtntnJ  Electromagnetic  Model  for  the  Analysis  of  Complex 
Systems  (GEMACS),  Gt'phical  Aids  for  the  Users  of  ££MACS  (GAUGE)  and  the  Windows  version 
of  GAUGE  (WinGAUGE©). 


BACKGROUND 

The  GTD  solution  technique  in  GEMACS  is  a  high  frequency  ray  optics  approach  that  includes 
diffraction  effects  from  edges  and  scattering  from  surfaces  as  well  as  diffraction  effects  from  surface 
discontinuities  and  waves  creeping  around  smooth  structures.  These  scattering  and  diffraction  effects 
are  shown  below. 


GTD  'interactions 


TV.  primary  method  for  visualizing  the  results  of  a  GTD  analysis  is  to  plot,  in  2  or  3 
dimensions,  the  ruliat'on  patterns  generated  from  an  analysis.  There  is  a  missing  component  in  this 
display  methodology  What  happens  to  the  electromagnetic  energy  in  and  around  the  object  under 
analysis?  Another  more  pointed  question  would  be  what  are  the  portions  of  the  structure  that 
contribute  the  most  to  the  s,..,[/e  of  the  firta1  pattern?  Or,  what  part  of  die  geometry  is  being  shaded  in 
the  analysis?  The  answers  to  tlr cue  questions  can  give  greater  insight  into  an  EM  analysis.  The  final 
radiation  patterns  become  more  understandable  when  it  is  known  what  part(s)  of  the  structure  are 
affecting  \  nrtiens  of  the  pattern.  Looking  at  this  intermediate  data  can  assist  in  the  modeling  effort  by 
u  lo"  '{  the  analyst  to  low.;  the  madding  effort  on  areas  of  interest  with  confidence  that  the  other 
» .  a,  aj'  wt  going  to  be  major  coihributors  to  the  results 


<  -E  '.U  .'i  and  other  GTD  analysis  programs  have  always  calculated  the  path  the  EM  radiation 
wit.  r  'ow  ftom  a  source  to  a  requested  field  point  However,  this  data  was  typically  discarded  after 
'■  •  i  ■S  '  iial  ray  paths  were  summed  to  form  the  field  strength  at  the  requested  field  point.  In  the 
cf  GEMACS  this  data  can  now  be  saved  to  an  auxiliary  data  file  via  the  RAYPTH 
.  o  nsnd.  The  RAYPTH  command  is  a  toggle  that  turns  on  and  off  the  saving  of  the  individual  ray 
paths  The  ray  paths  in  GEMACS  are  only  calculated  when  a  field  pattern  is  requested  Therefore  to 
generate  a  data  file  of  ray  paths  the  user  needs  to  bracket  the  GEMACS  field  command  with  a  set  of 
RAYPTH  commands  turning  on  the  saving  befoie  generating  the  field  and  turning  it  off  after  the  field 
command  This  is  done  as  follows; 

RAYPTH  <M  IU-W 

EHaEFIUO(GtOH)  H*0  T1*0  owl  tz*iao 

RAYPTH  Off 

The  LU*j99  pat  meter  of  the  RAYPTH  command  specifies  the  file  number  for  GEMACS  to  write  the 
data  (e  g,  FOROSg.USR).  This  data  file  will  contain  all  ray  paths  from  all  sources  iu  the  field  points 
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with  in  the  scope  of  the  RAYPTH  commend  The  number  of  generated  ray  paths  can  become  very 
large  based  on  the  requirements  of  the  analysis.  For  example,  if  a  10  x  10  array  were  being  simulated 
with  the  requirements  called  for  field  patterns  in  THETA  and  phi  at  1°  resolution  over  180°  the  final 
total  of  direct  paths  from  each  array  dement  to  each  field  point  would  be  18,000  (10  elements  X  10 
elements  X  180  field  points  X  2  fields).  And  this  does  not  include  the  possibility  of  scattered  ray  paths 
from  s  structure  the  array  may  be  mounted  on  Thus  the  RAYPTH  command  should  be  used 
judiciously.  If  there  is  concern  over  the  appearance  of  a  field  within  a  specified  area  the  analysis  can  be 
rerun  over  the  smaller  area  with  the  ray  paths  turned  on  to  help  find  the  cause  of  the  concern  without 
generating  huge  amounts  of  data. 

Once  the  .ay  paths  have  been  generated  the  data  is  displayed  or.  the  geometry  via  the  CAD 
programs  GAUGE  and  WinGAUGE.  The  tay  path  is  depicted  as  a  series  of  arrows  sowing  the 
direction  and  bounce  points  of  the  ray.  This  method  of  displaying  path  information  on  geometry  has 
been  used  successfully  in  the  computational  fluid  dynamics  (CFD)  field  and  shows  great  promise  for 
CEM. 


The  following  figure  shows  the  graphical  display  of  the  scattering  from  a  GTD  plate  model  of  a 
cube  and  cylinder.  The  ray  pitlis  on  the  cube  example  include  diffractions  from  the  top  and  bottom 
edges  of  the  cube  and  from  the  four  comers  on  the  side  nearest  to  the  source  and  field  points.  The  ray 
piths  on  the  cylinder  example  include  reflection  from  the  surface,  diffraction  from  the  endcap  rim  and 
creeping  waves  around  the  surface  of  the  cylinder.  Within  the  GAUGE  program  there  arc  different 
options  for  displaying  the  ray  path  geometry.  These  include,  numbering  the  ray  segments,  displaying 
rays  based  on  these  path  number,  displaying  the  strength  of  the  rays  is  a  color  code,  displaying  rays 
based  on  the  number  of  times  they  interact  with  the  structure  (bounce),  and  displaying  ray  paths  based 
on  the  source  that  generated  them  and  the  field  point  they  are  going  to. 


Ray  Paths  on  a  GTD  Cube 
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EDUCATIONAL  USE 


This  added  capability  of  displaying  the  intermediate  data  of  an  analysis  can  be  very  beneficial  to 
students  learning  about  electromagnetics  in  general  and  GTD  in  particular.  The  use  of  computer 
simulation  can  reduce  the  amount  of  time  needed  in  the  laboratory  by  providing  a  firm  understanding  of 
the  phenomena  associated  with  electromagnetic  waves.  The  graphical  display  further  facilitates  this  by 
giving  the  student  a  visual  picture  of  these  phenomena 

EISCMEEKTIHS  EXAMPLE 

The  following  example  shows  a  typical  engineering  example  to  evaluate  antenna  location  on  an 
aircraft.  The  structure  is  a  model  of  a  707  size  aircraft,  ft  is  constructed  with  a  cylinder  for  the 
fuselage  and  flat  plates  for  the  left  wing  and  control  surfaces  The  area  of  inteiest  is  along  the  left  side 
of  the  aircraft  so  the  right  ving  and  horizontal  stabilizer  are  not  modeled. 

The  goal  of  this  analysis  is  to  view  the  effects  of  the  trailing  edge  of  the  wing  on  the  antenna 
pattern  and  to  see  where  the  interactions  with  the  wing  occurs.  This  information  can  then  be  used  to 
make  decisions  about  the  location  of  the  antenna. 


The  antenna  for  the  first  step  of  this  analysis  was  located  on  top  of  the  fuselage  approximately 
centered  on  the  root  of  the  wing.  The  analysis  input  dita  was  configured  to  generate  only  the  field  data 
associated  with  the  diffractions  from  the  trailing  edge  of  the  wing.  The  field  pattern  of  interest  is 
theta-90  and  OSphis.180,  The  following  figure  shows  the  ray  paths  that  were  generated  from  the 
antenna  to  the  trailing  edge  of  the  wing  For  this  presentation  only  a  5°  arc.  ftom  phi-1301’  to  phi-1350 
,  wa3  used  to  generate  the  ray  path  data.  The  field  pattern  for  this  antenna  is  show  in  the  next  figure. 
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Erff*  CMkIEtfEftn 


The  second  step  of  this  analysis  was  to  move  the  antenna  towirds  the  read  of  the  aircraft  by  8 
meters.  Again  the  analysis  input  data  was  conligured  to  generate  only  the  field  data  associated  with  the 
diffractions  from  the  trailing  edge  of  the  wing.  The  following  figure  shows  the  ray  paths  that  were 
generated  from  this  new  antenna  position  to  the  trailing  edge  of  the  wing.  The  field  pattern  for  this 
antenna  is  show  in  the  next  figure.  This  example  shows  that  for  the  same  arc  of  coverage  the  amouni  of 
interaction  with  the  trailing  edge  of  the  wing  has  been  greatly  reduced  by  moving  the  antenna  Also  we 
can  easily  observe  which  parts  of  the  structuir  contribute  to  the  field  of  interest  through  the  use  of  the 
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ray  plotting  capability.  Additional  analysis  would  need  to  be  completed  to  see  how  moving  this  antenna 
affected  other  portions  of  the  field  pattern  for  the  antenna 
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GEMACS  and  GAUGE  are  owned  by  the  US.  Air  Pure*.  Approv'd 
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be 


UtMAto  ana  unuvt  me  - - -  ■ 

obtained  by  contacting  Mr.  Ken  Siarkiewtcz,  Rome  Laboratory/fcRPT, 


jive  the  software  cau 
Griffiss  AFB,  NY 


WinGAUGE  whs  developed  by  Decision-Science  Applications,  Inc.  and  is  being  distributed 
commercially.  Commercial  versions  of  GEMACS  are  also  available  for  personal  computers, 
workstations,  and  mainframes.  Anyone  interested  in  ordering  a  copy  of  the  code  can  contact  the 
authors.  Government  approval,  via  Rome  Laboratory,  is  still  required  for  receiving  the  commercial 
versions  of  the  codes. 
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Interactive  Numerical  Electromagnetics  Modeling  &  Analysis  Using  Computer-Aided 

Engineering  Software 

S.  R.  Roussehc,  S,  S.  Marlor.  and  W.  F.  Pcrger  Electrical  Engineering  Department 
Michigan  Technological  University 
Houghton,  Ml  49931-1295 


1.  Introduction 

Since  most  practical  elect roniaguetic  (EM)  problems  are  not  solvable  by  analytic  techniques,  nu¬ 
merical  computer  codes  have  become  vital  to  the  EM  design  pmecss.  Although  codes,  such  as  NEC 
(Numerical  Electromagnetics  Code)[2),  have  become  valuable  design  tools,  the  overwhelming  amounts  of 
numerical  data  supplied  to  and  received  from  these  codes  has  seriously  impeded  their  effectiveness.  To 
overcome  this  pitfall,  numerous  software  packages  have  been  developed  to  aid  in  the  design  and  analysis 
of  antenna  structures.  Their  lack  of  robustness,  versatility,  and  adaptability,  however,  has  limited  their 
use  as  engineering  design  tools. 

Over  the  years,  small  steps  have  been  made  towards  the  advancement  of  EM  design  tools,  but 
repeatedly  these  tools  fail  to  encompass  the  tillin'  engineering  design  process.  In  addition,  the  main¬ 
tenance  and  upgrading  necessary  to  maintain  the  state  of  the-a/l  in  visualization  usually  leads  tu  their 
demise.  By  using  a  commercial  CAE  package,  such  as  I-DEAS|b],  a  comprehensive,  interactive  EM 
design  package  can  been  realised  without  the  complication*  associated  with  developing  ami  maintaining 
visualization  software!  1]. 

In  the  past,  the  sharing  of  information,  from  or  with  other  disciplines,  lias  been  considered  unom 
traditional.”  especially  in  electromagnetics,  because  of  the  uniqueness  and  specialization  required.  The 
advent  of  computer  workstations,  howevei .  has  bridged  this  gap  in  the  sense  that  computet  modeling, 
de&ign.  and  analysis  techniques  are  interrelated.  In  addition,  economic  considerations  are  forcing  en¬ 
gineering  towards  a  shared  platform  of  inhumation  (i.e..  Concurrent  Engineering).  With  this,  and  the 
recommendations  lor  future  EM  design  packages  [3][7|.  it  becomes  evident  that  existing  Computer  Aided 
Engineering  (CAE)  software  should  be  employed  as  the  visual  interface  for  numerical  electromagnetics. 

To  demonstrate  the  power  and  versatility  of  this  union.  1-DEAS  is  used  to  generate  geometry  input 
files  for  NEC2.  In  addition,  it  is  used  ai  a  post -processor  to  aid  in  the  analysis  oi  v.uiou:.  EM  charac¬ 
teristics  such  as  far  field  patterns,  current  distributions,  and  polarization.  Examples  of  new  modeling 
techniques  that  have  resulted  from  using  NEWJbDKAK  will  be  presented  and  compared  with  measured 
data.  From  the  examples,  it  will  become  obvious  thac  this  refreshing  approach  to  EM  design  meet:, 
and/or  exceeds  the  requirements  of  existing  ami  future  numerical  EM  codes. 

2.  Modeling  EM  Structures 

The  majority  of  tools  developed  for  numerical  EM  tvpically  try  to  mimic  commercial  CAE/CAD 
(Computer  Aided  Design)  packages.  Therefore  it  is  not  nocessarv  to  dwell  on  the  specifics  ni  creating 
a  iinitecleniCnt  model  ill  IDE  AS.  Instead,  listed  below  are  several  of  the  useful  features  available  for 
developing  model:  of  antenna  structures, 

•  Solid  Modeler 

•  Automatic  mesh  generation 

-  Complex  surfaces  from  solid  modeling 
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-  Quadrilaterals  or  triangular  patches 

•  Material  Propci  lies 

•  Automated  Surface  Normal  Check  for  Patches 

•  Duplicate  Node  fc  Element  Removal 

•  Programming  Language 

■  Interactive  Graphical  Display 

-  Real-time  interactive  axes  rotation 

-  Complex  Shading 

-  Hidden  Line  Removal 

-  Wire  Cross-Section  Display 

2,i.  Concurrent  Engineering 

llv  using  a  CAE  design  package,  the  same  model  is  used  concurrently  throughout  the  design  pro¬ 
cess  by  the  mechanical,  electrical,  and  manufacturing  engineers.  This  allows  the  engineers  to  perform 
mechanical,  EM.  and  manufacturing  simulations  to  determine  the  structural  stability,  EM  performance, 
and  manufacturing  process  to  determine  product  feasibility.  In  addition,  mechanical  simulations,  ami 
the  resulting  displacements,  can  be  used  to  (study  the  effects  that  external  mechanical  forces  will  have 
on  the  electromagnetic  properties.  This  is  nearly  impossible  to  accomplish  using  existing  EM  tools  since 
they  were  developed  for  a  specific  task. 


2,2 .  N«w  Modeling  Techniques 


Through  the  use  of  the  NEW  J-DEAS  technique,  several  new  modeling  processes  have  been  (level 
oped.  To  demonstrate  these  advances,  the  antenna  shown  in  Figure  1  will  In*  Used.  It  is  ;i  1  5  1  wiie 
element  Helical  antenna  with  a  3°  taper  over  a  reflector  made  up  of  (14  patches. 


Figure  j;  IIeii(  ,d  antenna  using  150  wire  elements  and  (Jl  pnlrlnv,. 
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From  Figure  1.  it  is  evident  that  the  antenna  v  odeled  over  an  open-surface.  Il  ha*  been  found 
that  il  is  possible  to  model  a  thin  surface  with  an  infiii  nelv  thin  patches  as  long  as  the  currents  approach 
zero  near  the  edges(4].  To  demonstrate  the  effectiveness  of  this  modeling  technique,  Figure  2  compares 
the  measured  far-field  pattern  (solid  line)  with  the  results  from  NEC2  (dotted  line)  at  1.5  GHz. 


Figure  2:  Comparison  of  modeled  far-field  pattern  and  experiment  for  helical  antenna. 

When  modeling  complex  surfaces  in  I-DEAS.  it  is  possible  to  automatically  generate  patches  tu 
represent  the  surface.  Because  il  is  common  to  model  surfaces  using  wire  grids,  which  can't  be  auto 
m  aurally  generated  un  a  surface,  a  method  to  transfer  the  patches  to  XKC2  as  wires  or  patches  was 
developed.  This  isn't  revolutionary,  but  when  the  calculated  current  distribution  arr  displayed  for  post¬ 
processing,  they  are  displayed  on  the  surface  instead  of  on  wire  elements.  This  makes  it  easier  for  the 
designer  to  see  how  well  the  wire  grid  simulates  a  surface.  Figure  3  compares  the  measured  (solid  line) 
with  the  simulated  (dotted  line). 

The  most  interesting  and  useful  improvement  uses  the  current  distribution  on  a  surface  to  re  generate 
a  mesh.  Figure  4  shows  a  contour  plo  of  the  current  distribution  on  the  original  mesh.  From  this 
information,  a  second  mesh  was  automatically  generated  bv  IDEAS  aud  is  show  n  in  Figure  o.  Figure 
2{ before  adaptive  mesh)  and  Figure  l>  (aflri  adaptive  mesh)  .show  the  lesults  (dotted  line)  compared 
lo  the  measured  (solid  line)  patterns.  After  the  adaptive  meshing,  the  pattern  resulted  in  a  slight 
improvement  over  the  original  simulation.  Fcing  this  technique,  a  iterative  |tmuy,  could  be  developed 
to  optimize  the  model.  In  addition,  adaptive  meshing  can  be  used  in  conjunction  with  the  conversion 
uf  patches  to  wires  to  adaptively  mesh  wire-grid  models. 

3.  Post  Processing 

Without  the  aid  of  color  anil  an  interactive  display,  the  post- processing  capabilities  of  1-1)1  'AS  cannot 
he  deinonsli ated.  Below  is  a  list  of  how  the  data  generated  by  NEC 2  can  be  visualized  using  I-DKAS. 
For  a  complete  description  of  the  post -processing  features  see  (o]. 
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Figure  5:  Example  of  rc-nieshing  using  automatic  mesh  generation. 


Figure  ( i :  Comparison  of  experiment  (solid  line)  and  simulated  (dotted  line)  far-ficld  patterns  for  helical 
antenna  using  adaptive  meshing. 
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%  3-D  far- field  patterns 
—  Cain 

—  Axial  Ratio  (AR) 

•  2-D  pattern  cuts 

-  XY  Plots 

*  Current  Distributions 

4.  Conclusions 

An  interactive  technique  for  processing  large  amounts  of  numerical  data  for  numerical  EM  codes 
was  demonstrated  using  NEC2  and  I-DEAS-  By  utilizing  1-DEAS  relational  database,  other  numerical 
codes  could  be  added  effortlessly. 

NEWJ-DEAS  has  resulted  in  the  development  of  several  new  modeling  techniques  that  improve 
the  simulation  results  while  reducing  the  modeling  time.  In  addition,  this  technique  breaks  the  rigid 
barriers  of  cross-disciplinary  design.  This  moves  concurrent  engineering  design  practices  one  step  closer 
to  the  complete  integration  of  design,  analysis,  and  manufacturing. 
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A  Proposed  EM  Code  Interface  Standard 


Edgar  L.  Coffey,  HI 
Advanced  Electromagnetics 
4516  Stockbridge  Avenue  NW 
Albuquerque,  New  Mexico  87120 


The  purpose  of  this  paper  is  to  present  ideas  that  could  be  used  to  interface  electromagnetic  code 
components  in  many  areas,  three  of  which  will  be  presented:  geometry  description,  physics  quantities 
for  MOM  and  GTD/UTD,  and  excitation/observables  description.  The  characteristics  of  several 
l>opular  EM  numerical  techniques  will  be  presented  and  the  proposed  interface  standard  critiqued 
against  each  one.  Should  this  or  a  similar  standard  be  adopted  by  ACES,  it  would  be  possible  (1)  to 
integrate  together  the  functions  of  different  software  packages  with  diverse  characteristics  and  (2)  to 
avoid  "re-inventing  the  wheel'  each  time  a  new  code  is  developed. 

Geometry  Description  There  has  been  a  tendency  to  lump  the  geometrical  description  of  a  structure 
together  with  its  electromagnetic  description.  It  would  be  far  better  to  have  distinct  geometrical  and 
EM  databases  so  that  the  form  if  the  geometrical  data  could  be  accessed  by  any  EM  technique.  For 
example,  a  flat  convex  polygon  could  be  used  by  a  MOM  code  as  an  MHE  or  EFIE  surface  patch 
(provided  it  was  electrically  small)  or  by  a  GTD/UTD  code  as  a  flat  plate  (provided  it  was  electrically 
large  enough),  or  by  a  finite  difference  (FD)  code  as  a  boundary  element.  A  point-polygon  geometrical 
database  (that  included  curved  polypon. }  would  srtisfy  the  needs  of  most  every  EM  numerical  method. 

DH'M  and  Gal)  r  dynes  Ai.  object -oriented  formalism  has  been  shown  to  work  for  GTD  in 
OEMACS  version  5  and  was  presented  at  ACES  in  1993.  A  similar  approach  is  possible  for  MOM 
and  strongly  recommended.  MOM  electromagnetic  modeling  elements  (e.g.,  wire  segments  and  surface 
patches)  are  derived  naturally  from  the  geometry  database  elements.  Basis  and  test  function  objects 
would  devolve  naturally  from  one  or  more  EM  modeling  objects.  The  MOM  interaction  matrix  [Z] 
and  excitation  vector  [V]  would  be  computed  by  combining  basis  and  test  objects  appropriately.  The 
advantage  of  such  an  approach  would  be  the  ease  with  which  u  new  capability  could  be  added  (e.g., 
a  new  basis  function  or  a  new  geometry  element)  without  modifying  gay  of  an  existing  code's 
structure. 

Excitations  and  Observables  By  defining  excitations  and  observables  in  a  more  general  way,  the 
basic  EM  numerical  quantities  can  be  computed  more  efficiently.  For  example,  in  MOM  the  defining 
quantities  are  (Z]  [T)  +  [Vant)  «  |V)  and  (Gj  [fj  +  [Einc]  =  [F].  The  first  equation  must  be 

solved  for  [I].  The  second  equation  uses  [I]  to  compute  fields  [Fj.  The  quantities  [ZJ,  [V],  [G],  and 
[Einc]  can  use  identical  numerical  routines  if  the  excitations  and  observables  are  defined  appropriately. 


A  Geometry  Description  Language  for  3D  Electromagnetic  Analysis  Codes 

Todd  Hubing.  Clara  Hong-Him  Lim,  and  James  Drewniak 
University  of  Missouri-Rolla 

With  the  proliferation  of  3D  electromagnetic  modeling  software,  many  researchers  art  finding  that 
the  process  of  defining  the  input  and  interpreting  the  output  is  overiy  complex  and  unintuitive.  Graphical 
user  interfaces  (GUIs)  can  help  the  user  to  visualize  input  geometries  and  output  current  nnd  field 
distributions,  but  representing  three  dimensional  data  on  a  two-dimensional  computer  screen  ■  ■>  inher¬ 
ently  a  complex  process.  The  steep  learning  curve  associated  with  most  user  interfaces  prevents  many 
EM  modelers  from  experimenting  with  different  EM  modeling  codes. 

An  Initial  Solution 

In  a  previous  paper  [1],  a  user  interface  (input  only)  was  described  that  employed  commercial 
Computer  Aided  Drawing  (CAD)  software.  The  idea  was  to  isolate  the  development  of  the  numerical 
EM  modeling  software  from  the  development  of  the  user  interface.  In  this  way,  EM  modeling  code 
developers  could  concentrate  on  developing  the  best  modeling  software  and  development  of  the  CAD 
interface  could  be  left  to  programmers  who  specialized  in  that  area.  A  relatively  simple  translation  code 
was  used  to  Link  the  CAD  software  to  the  EM  modeling  code.  The  translation  code  read  the  3D  geometry 
information,  prompted  the  user  fur  any  additional  information  (e.g.  source  amplitudes  or  material 
constants),  checked  far  errors,  and  wrote  a  file  suitable  for  exporting  to  the  EM  modeling  code. 
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In  theory,  a  translation  code  written  to  interpret  a  standard  graphics  format,  such  as  IGES  or  DXF. 
could  accept  input  from  a  variety  of  CAD  software  packages.  This  approach,  illustrated  in  Figure  ), 
would  allow  EM  modelers  to  select  the  CAD  software  best-suited  to  their  own  needs  to  use  as  a  graphical 
front-end  to  their  EM  modeling  codes.  If  each  3D  EM  modeling  code  used  was  provided  with  a  similar 
translation  code,  the  modeler  could  analyze  a  given  geometry  using  more  than  one  technique  without 
having  to  enter  the  geometry  data  each  time.  Also  the  code  user  could  become  proficient  with  a  single 
CAD  package  and  avoid  having  to  learn  a  new  user  interface  for  every  new  EM  modeling  code.  Using 
CAD  software  to  create  an  ICES  file  is  usually  much  more  efficient  than  using  a  text  editor  and/or  special 
subroutines  to  create  a  native  format  file.  With  the  translation  code,  the  standard  graphics  format 
effectively  replaces  the  native  input  format  of  the  modeling  code. 

This  approach  is  not  without  drawbacks  however.  Currently  there  is  no  truly  standard  graphic  format. 
IGES  and  DXF  files  can  vary  significantly  depending  on  the  CAD  software  used,  the  computer  platform, 
and  the  techniques  used  to  ci.  ate  a  particular  geometry.  Also,  ICES  and  DXF  files  were  not  optimized 
for  storing  the  data  required  by  most  EM  modeling  software.  The  files  are  long  and  complex  and  they 
contain  much  information  that  is  unusable  by  EM  modeling  codes.  In  addition,  the  IGES  and  DXF 
formats  do  not  provide  a  standard  method  for  conveying  EM  source  or  material  information.  In  order 
to  store  an  input  geometry  that  the  user  may  want  to  modify  later,  both  the  CAD  file  and  a  file  containing 
the  source  and  material  information  must  be  saved. 
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A  New  Approach 

If  there  were  a  standard  input  file  format  that  could  be  read  by  a  variety  of  EM  modeling  codes,  then 
only  a  single  translation  code  would  be  required  to  link  CAD  software  to  the  electromagnetic  modeling 
software  as  indicated  in  Figure  2.  Furthermore,  if  the  standard  input  format  were  concise  and  simple  to 
understand,  then  perhaps  in  many  cases,  it  would  be  possible  to  eliminate  the  graphical  user  interface 
altogether. 

To  some  extent,  this  is  the  approach  used  by  the  Numerical  Electromagnetics  Code  (NEC).  The 
relatively  simple  text  input  format  employed  by  NEC  allows  many  users  to  create  and/or  edit  input 
geometry  information  without  the  aid  of  a  graphical  user  interface.  For  complex  geometries,  a  number 
of  graphical  interfaces  are  available  all  of  which  generate  NEC  input  files  in  the  same  text  formal. 
Because  of  this,  the  NEC  code  is  relatively  platform  independent.  Code  developers  can  make  changes 
in  the  NEC  code  without  worrying  about  the  user  interface,  and  users  can  choose  the  particular  user 
interface  best-suited  to  their  own  needs. 

Of  course,  the  NEC  input  format  is  optimized  for  the  NEC  code,  which  is  a  surface  integral  technique. 
It  would  not  be  suitable  for  another  EM  modeling  code  that  used  a  different  analysis  technique  (e.g.  a 
finite  dement  code  or  an  FDTD  code). 

The  remainder  of  this  paper  describes  a  new  input  file  format  (or,  more  specifically,  a  "geometry 
description  language")  that  is  optimized  for  use  with  EM  modeling  codes,  but  flexible  enough  to  be  used 
in  codes  that  employ  a  variety  of  modeling  techniques.  This  input  format  is  currently  used  by  three 
separate  EM  modeling  codes  at  the  University  of  Missouri-Rolla.  One  is  a  finite-element  modeling  code 
employing  nodal  elements.  One  is  a  hybrid  FEM/MOM  edge-element  code.  The  third  code  employs  a 
finitc-ditference  time-domain  technique. 

The  Input  File  Format 

The  new  input  file  format  was  developed  with  three  primary  objectives: 

1.  That  it  be  as  simple  and  intuitive  as  possible.  For  simple  geometries,  the  user  should  be 
able  to  visualize  the  input  configuration  simply  by  reading  tire  input  file. 

2.  That  it  be  concise.  In  most  cases,  the  user  should  be  able  to  type  in  the  entire  input  file 
using  only  a  text  editor 

3.  That  it  be  flexible.  EM  codes  using  different  modeling  techniques  have  vastly  different 
capabilities  and  requirements. 

Each  line  of  the  input  file  is  either  a  data  line  or  a  comment  (blank  lines  are  ignored).  Comment  lines 
begin  with  a  #  sign  and  may  be  ignored  or  copied  to  the  output  file  by  the  modeling  code.  AH  data  lines 
consist  of  a  keyword  followed  by  space-delimited  parameters.  The  format  and  the  number  of  parameters 
depends  on  the  keyword.  For  example,  the  line 

dielectric  111828  4.2  .002  1.0  d 
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Figure  3:  Sample  keyword  definitions 


contains  the  keyword  "dielectric".  This  keyword  must  always  be  followed  by  at  least  8  parameters.  The 
first  6  parameters  are  integers  that  define  the  shape  and  position  of  the  dielectric.  The  neat  2  parameters 
are  floating  point  numbers  that  define  the  relative  permituvity  and  conductivity  of  the  dielectric.  The 
next  parameter  is  optional  and  defines  the  relative  permeability.  The  last  parameter,  also  optional,  is  a 
character  that,  in  this  case  tells  the  mesh  generator  lo  use  an  extra  fine  mesh  in  this  region  of  the  geometry. 

A  number  of  keywords  have  been  defined,  some  of  which  are  briefly  described  in  Figure  3.  Note 
that  in  addition  to  geometry  keywords,  there  are  keywords  that  affect  the  execution  of  the  program  and 
keywords  that  determine  die  output  parameters. 

Not  all  EM  modeling  codes  will  take  advantage  of  every  keyword.  For  example,  a  surface-integral 
code  like  NEC  would  probably  ignore  any  boundary  statements  in  its  input  file.  EM  modeling  codes 
should  be  written  to  accept  all  valid  keywords,  but  warn  the  user  if  any  keywords  in  the  inpu1  file  are 
being  ignored. 

The  basic  keywords  described  in  Figure  3  and  their  parameters  have  been  chosen  so  that  they  are 
meaningful  to  EM  codes  based  on  a  variety  of  EM  modeling  techniques.  Codes  that  employ  surface 
grids,  codes  with  fixed  volume  meshes,  and  codes  that  require  mesh  generators,  can  all  read  the  same 
input  file  and  interpret  it  in  a  similar  manner. 
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Figure  4:  Input  File  for  a  dielectric-loaded  waveguide 
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Figure  5:  Input  file  for  a  printed  circuit  configuration 


Examples 

Examples  of  this  geometry  description  language  are  provided  in  Figure  4  and  Figure  5.  Figure  4 
shows  the  input  file  corresponding  to  a  dielectric-loaded  waveguide  that  is  driven  at  one  end  with  a 
uniform  elcctnc  field  and  shorted  at  the  other  end.  An  1GES  format  description  of  this  geometry  is  195 
lines  long  and  docs  not  include  the  source  information.  The  input  File  in  Figure  4,  on  ihe  other  hand,  is 
4  lines  long  and  contains  all  the  information  required  by  the  EM  modeling  code. 

Figure  5  shows  the  input  file  corresponding  to  a  printed  circuit  board  configuration.  The  1GES 
formal  description  requires  159  lines  without  the  source.  The  input  file  in  Figure  5  is  15  lines.  Both 
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input  files  in  these  examples  were  easily  generated  with  a  simple  text  editor  and  are  intuitive  enough  to 
visualize  without  a  graphical  user  interface. 

Condiuiocs 

The  geometry  description  language  outlined  above  allows  EM  code  uscis  to  create  standard  input 
files  i  .at  can  potentially  he  used  with  a  variety  of  EM  modeling  codes.  By  establishing  a  standard  input 
file  fonnac,  code  developers  are  isolated  from  user  interface  issues  and  they  are  free  to  develop  codes 
that  are  relatively  platform  independent.  Code  users  also  benefit  from  a  standard  input  format  because 
they  arc  able  to  choose  a  single  compatible  user-interface  and  use  it  with  a  variety  of  EM  modeling  codes. 

So  far.  this  input  format  is  being  uicd  with  three  different  EM  modeling  codes.  One  is  a  finite  element 
code,  one  is  an  FDTD  code,  and  die  other  is  a  hybrid  code.  Although  a  CAD  interface  that  employs  this 
input  format  has  been  developed,  the  authors  typically  Fmd  that  simply  creating  the  input  tiles  using  a 
text  editor  is  quicker  and  simpler.  Development  of  this  geometry  description  language  is  still  under  way. 
Enhancements  continue  to  be  made  as  the  authors  gain  experience  using  the  new  input  format  and  as 
they  rec.  ive  suggestions  from  other  code  users. 

Reference 
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Proceedings  of  the  bighrii  Annual  Review  of  Progress  in  Applied  Computational 
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A  Geometry  Description  Language  for  3D  Electromagnetic  Analysis  Codes 

Todd  Hubing,  Clara  Hung-Him  Lam.  and  James  DrewniaV 
University  of  Missouri  Rulla 

With  tlie  proliferation  of  3D  electromagnetic  modeling  software,  many  researchers  are  finding  that 
the  process  of  defining  the  input  and  interpreting  the  output  is  overly  complex  and  unintuitive.  Graphical 
user  interlaces  (GUIs)  can  lielp  the  user  to  visualize  input  geometries  and  output  current  and  field 
distributions,  but  representing  three  dimensional  data  on  a  two-dimensional  computer  screen  is  inher¬ 
ently  a  complex  process.  The  steep  learning  curve  associated  with  most  user  interlaces  prevent  many 
EM  modelers  from  experimenting  with  different  EM  modeling  cades. 

An  Initial  Solution 

in  u  previous  paper  [I],  a  user  interlace  (input  only)  was  described  that  employed  commercial 
Computer  Aided  Drawing  (CAD)  software.  The  idea  wax  io  isolate  the  development  of  the  numerical 
EM  modeling  software  from  the  development  of  the  user  interface,  in  this  way,  EM  modeling  code 
developers  could  concentrate  on  developing  the  best  modeling  software  and  development  of  the  CAD 
interface  could  be  left  to  programmers  who  specialized  in  that  area.  A  relatively  simple  translation  code 
was  used  to  link  the  CAD  software  to  the  EM  modeling  code.  The  translation  code  read  the  3D  geometry 
information,  prompted  the  user  for  any  additional  information  (c.g.  source  amplitudes  or  material 
constants),  checked  for  errors,  and  wrote  a  file  suitable  for  exporting  to  the  EM  modeling  code. 
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In  theory,  a  translation  co<le  wiitten  to  interpret  a  standard  graphics  format ,  such  as  IGES  or  DXF, 
could  accept  input  from  a  variety  of  CAD  software  packages.  This  upproach,  illustrated  in  Figure  I, 
would  allow  EM  modelers  to  select  the  CAD  software  best-suited  to  their  own  needs  to  use  as  a  graphical 
liont-end  to  their  EM  modeling  codes.  If  each  3D  EM  modeling  code  used  was  provided  with  a  similar 
translation  code,  the  modeler  could  analyze  a  given  geometry  using  more  than  one  technique  without 
having  to  enter  the  geometry  data  each  time.  Also  the  code  user  could  become  proficient  with  a  single 
CAD  package  and  avoid  huving  to  learn  a  new  user  interface  for  every  new  EM  modeling  code.  I  'sing 
CAD  software  to  create  an  1GES  file  is  usually  much  more  efficient  than  using  a  text  editor  and/or  special 
subroutines  to  create  a  native  format  file.  With  the  translation  code,  the  standard  graphics  format 
effectively  replaces  the  native  input  format  of  the  modeling  code. 

This  upproach  is  not  without  drawbacks  however,  Currently  there  is  no  truly  standard  graphic  format. 
IGES  and  DXF  files  can  vary  significantly  depending  on  the  CAD  software  used,  the  computer  platform, 
and  the  techniques  used  to  create  u  particular  geometry.  Also,  IGES  and  DXF  files  were  not  optimized 
lor  storing  the  data  required  hy  most  EM  modeling  software.  The  files  are  long  and  complex  and  they 
contain  much  information  that  is  unusable  by  EM  modeling  codes.  In  addition,  the  IGES  and  DXF 
formats  do  not  provide  a  standard  method  for  conveying  I'M  source  or  material  information.  In  order 
to  store  an  input  geometry  that  the  user  muy  want  to  modify  litter,  bnth  the  CAD  file  and  a  file  containing 
the  source  and  mateiiul  information  must  be  saved. 
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A  New  Approach 

If  there  were  a  standard  input  file  format  that  could  be  read  by  a  variety  of  EM  modeling  codes,  then 
only  a  single  translation  code  would  be  required  to  link  CAD  software  to  the  electromagnetic  modeling 
software  as  indicated  in  Figure  2.  Furthermore,  if  the  standard  input  format  were  concise  and  simple  to 
understand,  then  perhaps  in  many  cases,  it  would  be.  possible  to  eliminate  the  graphical  user  interlace 
altogether. 

To  some  extent,  this  is  the  approach  used  by  the  Numerical  Electromagnetics  Code  (NEC).  The 
relatively  simple  text  input  format  employed  by  NEC  allows  many  users  to  create  and/or  edit  input 
geometry  information  without  the  aid  of  a  graphical  user  interface,  For  complex  geometries,  a  number 
of  graphical  interfaces  are  available  all  of  which  generate  NEC  input  tiles  in  the  same  text  format. 
Because  of  this,  the  NEC  code  is  relatively  platform  independent.  Code  developers  can  make  changes 
in  the  NEC  code  without  worrying  about  the  user  interface,  and  users  can  choose  the  particular  user 
interface  best-suited  to  their  own  needs. 

Of  course,  the  NEC  input  format  is  optimised  for  the  NEC  code,  which  is  u  surl  ice  integral  technique. 
It  would  not  be  suitable  for  another  EM  modeling  code  that  used  a  different  analysis  technique  (e.g,  a 
finite  element  code  or  an  FDTD  code). 

The  remainder  of  this  paper  describes  a  new  input  tile  format  (or,  more  specifically,  a  "geometry 
description  language")  thut  is  optimized  for  use  with  EM  modeling  codes,  hut  tlexihlc  enough  to  be  used 
in  codes  that  employ  a  variety  of  modeling  techniques,  This  input  format  is  currently  used  by  three 
separate  EM  modeling  codes  at  the  University  of  Missouri-Roila.  One  is  a  finite-element  modeling  code 
employing  nodal  elements.  One  is  a  hybrid  EHM/MOM  edge-element  code.  The  third  code  employs  a 
finite-difference  time-domain  technique. 


The  Input  File  Format 


The  new  input  tile  iounat  was  developed  with  three  primary  objectives: 


1 .  Thut  it  be  as  simple  and  intuitive  as  possible.  For  simple  geometries,  the  user  should  he 
able  to  visualize  the  input  configuration  simply  by  reading  the  input  file, 

2.  That  it  t>e  concise.  In  most  cases,  the  user  shuuld  be  able  tu  type  in  the  entire  input  file 
using  only  a  text  cdiloi . 

3.  That  it  be  flexible.  EM  codes  using  different  modeling  techniques  have  vastly  different 
capabilities  and  requirements. 


Each  line  of  the  input  rile  is  cither  a  duiu  line  or  a  comment  (blank  lines  are  ignored).  (  ommcnl  lines 
begin  with  a  #  sign  and  may  be  ignored  or  copied  tu  the  output  tile  by  the  modeling  code.  All  data  lines 
consist  of  a  krvwont  followed  by  space  delimited  parameters.  The  format  and  the  number  of  parameters 
depends  on  the  keyword.  For  example,  the  line 


dielectric:  11182H4.; 


.  002  L.O  d 
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Opotnatry  Keyword* 
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x2 

yk 

z2 

Pi 

-  repeat  geometry 
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-  mss/i  units 
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pi 

■  run  program  (y  or  n) 

Output  Keywords 

■Md 
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yi 

21 
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hIMd 

xl 

yi 
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diatanoa 

a-inU 

a-d*tta 

-  generate  polar  plot  data 

output 

Pi 

-  genera  ta  default  output 

Figure  3:  Sample  keyword  definitions 


contains  the  keyword  "dielectric  ".  This  keyword  must  always  be  followed  by  at  least  8  parameters.  The 
first  6  parameters  are  integers  that  define  the  shape  and  position  of  the  dielectric.  The  next  2  parameters 
are  floating  point  numbers  that  define  the  relative  permittivity  and  conductivity  of  the  dielectric.  The 
next  parameter  is  optional  and  defines  the  relative  permeability.  The  last  parameter,  also  optional,  is  a 
character  that,  in  this  case  tells  the  mesh  generator  to  use  an  extra  fine  mesh  in  this  region  of  the  geometry. 

A  number  of  keywords  have  been  defined,  some  of  which  are  briefly  described  in  Figure  3.  Note 
that  in  addition  to  geometry  keywords,  there  are  keywords  that  affect  the  execution  of  the  program  and 
keywords  that  determine  the  output  parameters. 

Not  all  EM  modeling  codes  will  take  advantage  of  every  keyword.  For  example,  a  sui face-integral 
code  like  NEC  would  probably  ignore  any  boundary  statements  in  its  input  file.  EM  modeling  codes 
should  be  written  to  accept  ail  valid  keywords,  but  warn  the  user  if  any  keywords  in  the  input  file  are 
being  ignored. 

The  basic  keywords  described  in  Figure  3  and  their  parameters  have  been  chosen  so  that  they  are 
meaningful  to  EM  codes  based  on  a  variety  of  EM  modeling  techniques.  Codes  that  employ  surface 
grids,  codes  with  fixed  volume  meshes,  and  codes  that  require  mesh  generators,  can  all  read  the  same 
input  tile  and  inteipret  it  in  a  similar  manner. 
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#  a  shorted  waveguide  with  dielectric 


box 

dielectric 

esource 
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Figure  4:  Input  tile  for  a  dielectric-loaded  waveguide 
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Figure  5:  Input  tile  for  a  printed  circuit  configuration 


Examples 

Examples  of  this  geometry  description  language  are  provided  in  Figure  4  and  Figure  5.  Figure  4 
shows  the  input  tile  corresponding  to  a  dielecthc-loaded  waveguide  that  is  driven  at  one  end  with  a 
uniform  electric  field  and  shorted  at  the  other  end.  An  1GES  formut  description  of  this  geometry  is  195 
lines  long  and  does  not  include  the  source  information.  The  input  file  in  Figure  4,  on  the  other  liund,  is 
4  lines  long  and  contains  all  the  information  required  by  (he  EM  modeling  code. 

Figure  5  shows  the  input  file  corresponding  to  a  printed  circuit  board  configuration.  The  IGES 
format  description  requires  159  lines  without  the  source.  The  input  tile  in  Figure  5  is  lli  lines.  Both 


input  files  in  these  examples  were  easily  generated  with  a  simple  text  editor  and  are  intuitive  enough  to 
visualize  without  a  graphical  user  interface. 

Conclusions 

The  geometry  description  language  outlined  above  allows  EM  code  users  to  create  standard  input 
Files  that  can  potentially  be  used  with  a  variety  of  EM  modeling  codes.  By  establishing  a  standard  input 
file  format,  code  developers  are  isolated  fr.m  user  interface  issues  and  they  are  free  to  develop  codes 
that  are  relatively  platform  independent.  Code  users  also  benefit  from  a  standard  input  format  because 
they  are  able  to  choose  a  single  compatible  user-interface  and  use  it  with  a  vai  .ety  of  EM  modeling  co 

So  far,  this  input  format  is  being  used  witli  three  different  EM  modeling  codes.  One  is  a  finite  element 
code,  one  is  an  FDTD  code,  and  the  other  is  a  hybrid  code.  Although  a  CAD  interface  that  employs  this 
input  format  has  been  developed,  the  authors  typically  find  that  simply  creating  the  input  files  using  a 
text  editor  is  quicker  and  simpler.  Development  of  this  geometry  description  language  is  still  under  way. 
Enhancements  continue  to  be  made  as  the  authors  gain  experience  using  the  new  input  format  and  as 
they  receive  suggestions  from  other  code  users. 
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ABSTRACT 

This  paper  describes  sn  electromagnetic  computer  prediction  code  for  genaaling  ndsr  cross  seciian  (RCS),  time 
domain  signatum  snd  synibeoc  aperture  radar  (SAR)  images  of  realistic  3-D  vehicles.  The  vehicle,  typically  an  airptn  or 
a  ground  vehicle,  is  represented  by  a  computet -sided  design  (CAB)  Tile  with  triangular  facets,  curved  surfaces,  or  solid 
pumetriea.  The  computer  code,  XPATCH,  based  on  the  shoocag  and  bouncing  try  technique,  is  uaca  to  calculate  the 
poUrimetric  radar  retmu  from  the  vehicles  represented  by  these  different  CAB  files  XPATCH  compters  the  full-bounce 
Physical  Optics  plus  the  Physical  Theory  of  Diffraction  contributions  and  the  multi-bounce  ray  contnbuttoos  for  complex 
vehicles  with  mamriait.  It  has  been  found  that  the  multi-bounce  contributions  mr  crucial  for  many  aspect  angles  of  all 
dure*  of  vehicles.  Without  the  multi-bounce  calculstious,  the  ndar  return  is  typically  10  to  15  dB  loo  low.  Eusnplcsof 
predicted  range  profiles,  SAR  imagery,  and  radar  cross  sections  (RCS)  for  several  different  geometries  are  compared  with 
measured  data  to  decionstxaac  the  quality  of  the  predictions.  The  comparisons  are  from  the  UHF  through  the  Ka  frequency 
neges. 


INTRODUCTION 

XPATCH  is  s  general-purpose  radar  signature  prediction  code  and  environment  [or  calculating  high  frequency 
electromagnetic  scattering  from  complex  objects  described  by  several  different  computer-aided  design  (CAB)  represauatious. 
XPATCH  has  been  developed  by  the  DEMACO  in  Cbampaign  Illinois  under  the  joint  ni-Scrvice  sponsorship  of  Wright 
Laboratory  at  Wrigbt-Pauetson  AFB,  Ohio,  Phillips  Laboratory  at  Kiriland  AFB,  New  Mexico,  the  Army  Research 
Labormusy  at  PL  Bel  voir,  Virginia,  md  the  Naval  Air  Warfare  Center  si  PL  Mugu,  California.  The  codes  and  graphical 
users  interface  (GUI)  are  currently  available  from  Wright  Laboratory  (WL/AARA)  for  qualified  United  Stales  users.  The 
coe'es  and  tools  will  be  distributed  bvlbe  DOB/NASA  Electromagnetic  Code  Consortium  (EMCC)  in  1994  with  the  same 
restrictions.  The  X-Window  Motif™  GUI  combines  CAD  geometry  pre-processing  and  analysis  tools,  along  with  the 
XPATCH  prediction  codes,  and  post-prediction  analysis  soots.  This  GUI  allows  the  user  to  perform  end-to-end  predictions 
analysis  all  in  one  package. 

XPATCH  is  based  on  the  high  frequency  shooting  and  bouncing  ray  technique  (121  that  is  capable  of  calculating 
the  fully  pnlarimnric  radar  return  from  complex  geometries  represemed  by  different  CAD  geometry  types.  Both  the  first 
bounce  Physical  Optics  (PO)  plus  the  Physical  Theory  of  Diffraction  (PTD)  contributions  and  die  multi-bounce  ray 
contributions  are  included  in  the  computation.  For  the  rust  bounce  calculations,  the  most  time-consuming  aspect  is 
shadow  and  blockage  checks  on  the  geometry.  A  hardware  and  software  '  buffering  technique  is  used  in  XPATCH  for 
highly  accurate  and  Cast  calculations.  Oner,  the  geometry's  blocked  and  shadowed  surfaces  ire  determined,  the  first-bounce 
contribution  is  calculaied  using  PO.  The  rust-bounce  PO  calculation  can  be  accomplished  with  a  fast  frequency  domain 
integration  [3]  or  by  I  bmc  domain  technique  developed  by  Sheppard  et  al  (4).  An  option  exists  to  include  the  fust  order 
metal  edge  drffrwctxw  by  using  the  Ufimstev-Mitmcr  incremental  diffraction  cnel  icterus  Although  blockage  on  edges  arc 
taken  into  account  by  ray  tracing,  edge  diffractions  due  to  multiple  bounce  arc  not  nidtided. 

To  calculate  the  multi  bounce  effects,  a  let  of  parallel  rays  are  launched  from  the  incident  direction  toward  the 
geometry.  Each  ray  is  traced  as  it  bounces  from  one  part  of  die  geometry  to  another,  until  it  exits  the  geometry.  The  field 
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on  it*  raj  tube  at  each  bounce  point  is  attained  by  the  theory  of  geometrical  optics,  including  the  effects  of  polarization, 
ray  divergence  factor,  sod  material  reflection  coefficients  for  frequency -dependant,  multi-layered  maimali,  and  far  semi¬ 
transparent  materials  such  as  tadcmet  and  camouflage  nets.  At  the  Las  r  flection  point  on  the  geometry,  a  frequency 
domain  or  a  tune  domain  physical  optics  integration  of  the  induced  staface  currents  are  performed  to  ralrulalr  the  far  Hem 
coern button  tram  each  ray  tube.  Contributiorrs  bom  all  rays  are  then  summed  op  st  s  far-flcld  observation  point  to  give 
the  final  tensed  field. 

Given  the  geometry  and  modern  angle,  rays  me  launched  bora  a  shooting  window  determined  by  the  bounding  box 
of  ihe  geometry.  As  an  exanpfe,  consider  a  lyplcalfighiecairpfane(F-15)muiniiiaieds  an  incidence  elevation  of  -13*  and 
azimuth  of  -IS*.  Ihe  shooting  window  is  674  X  by  397  i.  at  10  GHz.  Accuracy  using  an  SDR  type  technique  for  radar 
cross  section  (RCS)  and  tinge  profile  (tune  domain)  cakulatkmt  requires  a  minimum  ray  density  of  10  rays  per  linear 
wavelength.  Using  this  minimum  ray  density,  23  million  rays  an  liunchrd  at  the  target,  o  which  4  million  actually  hit 
the  geometry.  At  millimeter  wave  frequencies,  the  XPATCH  code  has  the  option  of  using  a  different  ray  tube  shape 
function  tint  allowi  the  uaer  to  trace  fewer  rays  per  wavelength.  The  minknim  required  ray  density  for  synthetic  aperture 
radar  (SAK)  imagery  can  alto  be  reduced  so  two  or  three  rayl  per  haem  wavelength,  depending  upon  geometry  complexity 
end  the  amount  of  mtilti-bonncc  contributions  required  to  accurately  caVulsae  the  lacktcsnered  field  from  the  geometry.  An 
ulcerating  display  of  the  multi-bounce  effect  is  per  rented  in  Figure  1  for  uea  broadside  incidence  o'  a  tank.  This  figure 
dearly  illustrates  the  necessity  so  roe  the  shooting  and  bouncing  ray  technique  to  capture  all  the  multiple  bounce  effects  in 
beckscrusuuig  predictions. 

Presently,  a  typical  frequency  domain  range  profile  rnmpnlttion  with  UX24  frequencies  (50  bounces,  10  riysA,  X- 
band,  100.000  facet  vehicle)  talus  approximately  40  minutes  an  an  HP  720  workstation.  Petfarming  the  seme  calculation 
directly  in  the  time  domain  on  the  same  HP  720  wotsation  takes  approximately  20  minutes  [5],  however,  this  technique 
is  currently  valid  only  for  perfect  electric  conducting  targoti.  Compulation  times  for  the  narrow  angle  (3‘)  X-hand  SAR 
imagery  of  a  tank,  using  the  direct  time  domiin  approach,  lakes  approximately  four  minutes  on  an  HP  720  workstation. 
Similarly,  using  IGES  surface  representations  increases  the  frequency  domain  run  time  for  the  same  100.00  facet  vehicle  to 
about  400  mintues  on  aa  HP  720  workstation.  For  this  reason,  ■  new  technique  has  been  developed  in  XPATCH  that 
incorporates  the  surface  curvature  into  a  Oat-faceted  geometry  file.  This  hybrid  geometry  file  provides  fast  computation 
monatirt  with  Oaf  facet  urgnu  and  accoiaits  for  Ihe  surface  curvature  to  improve  the  amplitude  calculations  by  including 
the  ray  divergence  factor.  One  drawback  of  this  hybrid  revnach.  depending  on  the  surface  curvature,  is  that  100,000  plus 
facraa  ire  required  to  represent  a  typical  fighter  class  vehicle  aid  thii  means  lager  core  memory  requirements. 

The  XPATCH  codes  have  been  parallelized,  by  Sandia  National  Laboratories,  using  ■  64-node  Intel  iPSC  860 
Hypcrcube,  480  node  luel  Paragon,  and  a  1024  oCUHE2  machine.  Current  production  cjgncity  is  3000+ signatures  (1024 
x-bend  frequency  points)  or  images  per  day  on  a  64-node  bypereube,  and  14,000+  (1024  X-ba.  d  frequency  points) 
signauaes  or  images  per  day  on  the  4g0-ncdc  hud  paragon.  Retouch  Is  |anc»mding  in  several  areas  lo  improve  performance 
and  accuracy.  Optimization  of  the  ray  tracer  and  associated  electromagnetic  calculations  in  XPATCH  is  also  an  ongoing 
effort.  Reuearch  to  augment  XPATCH  with  low  frequency  codes  tuch  as  finite  elements,  finite  difference  time  domain,  and 
method  of  moments  solutions  is  underway.  Hybridisation  is  being  pursued  lo  improve  Ihe  XPATCH  prediction  code 
suites’  accuracy  for  cavities  such  at  jet  engines,  uneunas,  and  for  vehicle  details  less  ban  10  linear  wavelengths  in  size. 
Research  is  also  ongoing  lo  provide  Ihe  capability  for  full  vehicle  in  seen.,  duller  xieling  from  UHF  through  the  Ka 
frequency  hand. 


CODE  CAPABILITIES 

The  electromagnetic  part  of  XPATCH  consists  of  roughly  30,000  tines  of  FORTRAN  ,  ihe  other  pans  consist  of 
over  150,000  tines  mostly  in  C.  XPATCH  consists  of  three  pens: 

1)  Electromagnetics:  XPATCH  1,  XPATCH2,  XPATCH 3,  tnd  XPATCH4. 

2)  CAD  and  visualization  tools:  cifa,  XLOOK.  Xypkx,  McRange,  and  Mdmage. 

3)  (inphecai  user  micrlKs  (GUI). 

Typical  output  file*  from  electromagnetic  compulation  arc: 

1)  complex  scattered  far  field  or  RCS  in  dBsm  (0D  signature), 

2)  range  profile  (ID  signature),  and 

3)  synthetic  radar  image  SAR  (2D  signature). 
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A  ro— y  or  XPATCH  capabilities  a  given  is  Table  1.  Aay  coda  k  XPATCH  can  be  used  individually  at  in 
independent  unit,  or  it  eta  be  und  w  «  componrot  in  die  integrated  GUI  pori-tw  The  graphical  ueen  intertace  consists  of 
nunipk  pro-  and  poet-  jaediciiao  roalysts  took:  eifer,  XLOOK,  XyjAx  McBangc,  rod  Mclmage.  Cifer  k  a  file  trine ia tee 
protege  dro  nr-i'mr  CAD  fonnau  from  one  CAD  tytaero  to  another  rod  into  the  requited  formal  for  XPATCH. 
XLOOK  is  a  vieualixaeioo  tool  dm  allows  the  uacr  to  dripky  the  CAD  geometry  rod  evaluate  the  phytical  keegriiy  of  the 
geometry  to  determine  if  the  proper  mtaenal  issignmetns  bave  been  made  to  the  geometry,  normal!  art  correct,  and  if  the 
aurfrces  roe  property  modeled.  Xypiot  it  a  plotting  package  for  producing  zy-pkxa  of  tbe  data.  McKange  allow*  the  ueer 
to  display  die  CAD  file  whh  roeaaarad  and  pradiaed  time  domain  aignarow  to  evaluate  the  cauee  and  effect  of  acauering. 
Mclmage  allows  the  user  to  overlay  a  CAD  Ole  with  a  predicted  or  mentored  SAR  wage  and  also  allows  the  user  to 
aline  die  c^aae  rod  effect  of  the  acasaarkg  All  of  them  tools  have  beta  integrated  into  one  package  with  the  GUI  to 
allow  the  aaar  to  pattern  a  seasalam  roalyat  of  a  rurapkta  electromagnetic  prediction  task. 

Table  1.  XPATCH  Radar  Sigaasare  Prediction  Code 
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The  complex  object  geometry  representation  for  XPATCH  radar  scattering  predictions  can  be  either  triangular  flat 
faced.  BRL-CAD™  constructive  solid  geometries,  or  1GES  12b  surface  formats.  By  Us,  the  most  popular  format  Is  the 
trimigular  beet  file  became  dm  amputation  tune  is  about  10  times  barer  than  the  trine  for  curved  surface  or  solid  geometry 
representations.  Figure  2  is  a  view  of  a  solid  model  for  a  typical  tank,  and  Figure  3  is  a  facet  model  or  an  aircraft 
visualized  k  the  XPATCH  analytic  tools.  XLOOK. 

One  of  the  moat  important  aspects  of  narir  predictions  is  the  integrity  of  the  CAD  geometry  Tile.  To  analyze  the 
CAD  geometry,  took,  arch  as  XLOOK,  have  been  developed  to  visualize,  rotate,  evaluate  geometry  normals,  and  inspect 
geometry  surface  Integrity  end  connectivity  (Figure  3).  After  die  geometry  hue  been  visualized  and  evaluated  for  integrity 
the  next  step  is  to  set  up  die  nai  parameters  to  compute  tbe  electromagnetic  sewering  from  the  CAD  geometry.  The  run 
parameters  for  XPATCH  hive  all  been  integrated  into  a  GUI  that  allows  for  easy  input  and  assignment  of  the  ran 
parameter.  An  example  input  file  Ear  XPATCH  is  illustrated  k  Figure  4.  After  the  computations  with  XPATCH  insight 
inao  acaucsing  causes  and  effects  on  targets  is  provided  through  mother  tool,  McKange.  McRangc  displays  the  CAD 
geometry  with  its  corresponding  range  profile  in  the  same  range  coordmnlc  system  (Figure  5).  User-defined  vertical  solid 
lines  on  the  plots  illustrate  the  tie  of  scatter  location  to  a  physical  attribute  on  the  geometry.  These  GUI  tools  are  very 
useful  to  evaluate  the  fidelity  of  CAD  geometries,  set  up  die  run  parameter,  monitor  the  computational  run  and  analyze  the 
caiaca  and  effect  of  acauering. 


VALIDATION  RESULTS 

XPATCH  has  been  extensively  validated  against  primitive  objects  and  full  scale  complex  vehicles  [2,  6. 7],  Die 
lesalu  for  dUkreal  geometries  are  shown  in  Figires  6  through  9  with  a  comparison  of  measured  and  predicted  data.  Figure 
10  is  a  Mclmage  rendering  of  predicted  SAR  image  of  a  portion  of  a  jet  engine  exhaust  nozzle  called  turkey.  This  image 
was  computed  with  the  shooting  ind  bouncing  ray  technique  using  the  direct  time  domain  method  and  required  a 
computation  rime  of  4  minutes  on  a  Silicon  Graphics  workstation.  Imagery  such  as  this  can  be  used  as  a  diagnostic  tool 
to  study  the  cause  and  effect  of  tcauering. 
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CONCLUSIONS 


XPATCH  provide*  realistic  RCS,  rage  profile*,  and  2-D  SAT  imagery  calculation*  for  complex  geometry  type* 
from  500  MHx  lo  100  GHz.  Deficiencies  in  the  enuring  CAD  models  contribute  major  errors  in  the  predictions.  Model 
rurfiern-eie.  include  poor  or  missing  detail,  inaccurate  surface  curvature,  and  improper  modeling  of  small  features  and 
material*.  Tke  result  is  incomplete  sod  inaccurate  RCS,  range  profiles,  and  2-D  SAR  images.  More  accurate  CAD 
geometric*  can  crarect  the  deficiencies,  but  modeling  it  Qrne -consuming  and  difficah.  Additionally,  the  ultimate  level  of 
fidelity  required  for  a  CAD  geometry  it  unknown.  Research  is  ongoing  lo  quantify  the  level  of  fidelity  required  from  CAD 
models  for  y-ficreta  frequency  ringer  ind  application* 

XPATCH  docs  out  currently  perform  calculations  for  some  of  die  higher  order  sesuering  efforts  such  as  biveting 
waves,  surface  waves,  resonant  affecu,  and  creeping  wave*  t  igoing  reaemch  to  augment  XPATCH  for  these  scattering 
phenomena  is  currently  in  progress,  with  emphatit  on  new  m-thods  and  hybridizing  the  predictions  with  low  frequency 
methods.  The  XPATCH  prediction  code  suite  is  being  upgraded  to  perform  full  vehicle  in  scene  predictions  from  UHF 
through  Ka  baud.  The  major  conclusion  thus  far  is  Ural  the  predictions  created  with  XPATCH  art  adequate  to  use  in 
studying  the  tartar  stguariae*  of  complex  3-D  objects  over  a  wide  range  of  frequencies. 
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Figure  1.  Range  i^ilePtouaa  a  Function  c/ Range  ft*  SiogRBouncolDwhed  Line)  POCalculiiiaiii 
Venue  Maid-Bounce  (Solid  Une)  lot  a  Tank  *  an  Off  Cadiael  Angle  of  45*  A*  and  Deprewum 
of  <5*  at  10  OHx. 


Figure  2.  Solid  Model  CAD  File  of  a  lank  Uied  in  Predictions 


Figvc)  Ti-mr1-  - - -  Aircraft CAP Mod«l Uling  Vt«mUmk« Tooli (XLOOK)  AyiihMc 

iuXPATCH 


ripj«4.  Inpul  Pl««  of  XPATCH  Graphkll  U*n  Unadux  for  Setting  Up  Code  Run  P»run»en 


429 


Figure  5.  Pmftcwd  Range  Profile  of  (he  vfy218  From  an  Aspect  of  A*  -  0  sod  El  •  •  15.8  si  a  Center  Frequency 
oi  10  Gil/.  Illustrating  the  Poet  Prediction  Tool  (Mckange)  (Note  Solid  Linos  Csn  be  Drawn  From 
the  Bottom  Plot  Connecting  to  the  Upper  CAD  File  Showing  Scattering  Cause  and  Effect) 
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Figured.  Comparison  of  Predicted  Data  to  Measured  Data  for  a  rF.C  Trihedral  wilh  Two  H<  .irphercs, 
f  ■  18  GHz,  HH  Pril,  0*. 
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RCS  of  open-ended 
circular  guide 
10  GHz,  AZ-0",  V-pol 


RCS  man)  %  RCS  (dBsm) 


Comparison  of  Predicted  Data  to  a  Modal  Solution  (or  a  Shooed  Cylindrical  l^icl, 
f  ■  10  GHz,  VV  Pol.  ^  -  0*.  diameter  -  95 .9  cm,  kn|ih  *  254  cm. 


Figure  8.  (  omparison  of  Measaremcnis  and  Predictions  for  a  PEC  Almond,  VV  Polarization, 
U  10  GHz,  NASA  1  Meter  Almond. 
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A  SIMPLE  PHYSICAL  OPTICS  ALGORITHM  PERFECT 
FOR  PARALLEL  COMPUTING  ARCHITECTURE 
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California  Institute  of  Technology 
Pasadena,  CA  91109 


Abstract 

A  reflector  antenna  computer  program  based  upon  a  simple  discreet  approximation  of  the 
radiation  integral  has  proven  to  be  extremely  easy  to  adapt  to  the  parallel  computing  architecture  of 
the  modest  number  of  large-grain  computing  elements  such  as  are  used  in  the  Intel  iPSC  and 
Touchstone  Delta  parallel  machines.  It  has  also  proven  to  be  very  cfficien  with  reasonable 

size  reflectors,  parallel  efficiencies  approaching  98%  have  been  dcmonstraitii 

Introduction 

One  of  the  simplest  reflector  antenna  computer  programs  is  based  upon  a  discrete 
approximation  of  the  radiation  integral  (Reference  1).  This  calculation  replaces  the  actual  reflector 
surface  with  a  triangular  facet  representation  so  that  the  reflector  resembles  a  geodesic  dome.  The 
Physical  Optics  (PO)  current  is  assumed  to  be  constant  in  magnitude  and  phase  over  each  facet  so 
the  radiation  integral  is  reduced  to  a  simple  summation.  This  program  has  proven  to  be  surprisingly 
robust  and  useful  for  the  analysis  of  arbitrary  reflectors,  particularly  when  the  near-field  is  desired 
and  surface  derivatives  are  not  known. 

Because  of  its  simplicity,  the  algorithm  has  proven  to  be  extremely  easy  to  adapt  to  the  parallel 
computing  architecture  of  a  modest  number  of  large-grain  computing  elements  such  as  are  used  in 
the  Intel  iPSC  and  Touchstone  Delta  parallel  machines. 

For  generality,  we  consider  a  dual  reflector  calculation,  which  can  be  thought  of  as  three 
sequential  operations:  (1)  compute  the  currents  on  the  first  reflector  using  the  standard  PO 
approximation;  (2)  utilizing  the  currents  on  the  first  reflector  as  the  field  generator,  compute  the 
currents  on  the  second  reflector;  and  (3)  compute  the  required  field  values  by  summing  the  fields 
from  the  currents  on  the  second  reflector.  The  most  time-consuming  part  of  the  calculation  is  the 
computation  of  the  currents  on  the  second  reflector  due  to  the  currents  on  the  first,  since  for  N  x  N 
triangles  on  the  first  reflector,  each  of  the  M  x  M  mangles  on  the  second  reflector  required  an  N2 
sum  over  the  first.  However,  since  each  calculation  requires  the  identical  number  of  operations,  the 
N2  triangles  can  be  evenly  distributed  over  the  nodes,  and  the  sum  done  in  parallel  for  each  of  the 
M2  triangles  on  the  second  reflector  (also  evenly  distributed  over  tire  nodes).  In  addition,  the  output 
field  values  can  be  calculated  in  parallel  with  each  node,  summing  its  respective  triangles,  and  the 
final  output  field  obtained  by  summing  the  field  in  each  of  the  nodes. 

For  reasonable  size  reflectors,  parallel  efficiencies  approaching  98%  have  been  demonstrated. 
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Physical  Optics  Algorithm 

The  analysis  method  utilized  is  a  straightforward  numerical  integration  of  the  physical  optics 
iadiatioa  integral.  Since  the  incident  magnetic  field  is  required  to  evaluate  the  PO  surface  current  on 
the  second  reflector  (see  Figure  1),  we  choose  the  following  form  for  the  radiation  integral  (although 
the  method  is  identical  if  the  £  field  is  required): 

in  which  r  designates  the  field  point,  r’  the  source  point,  R  =  |r  -  r'|  is  the  distance  between  them, 
and  R  =  (r  -  r')  /  R  is  a  unit  vector.  The  PO  current  on  the  surface  Js  is  expressed  as 

•fj(r')  =  2hx  Hs(r')  (2) 

with  Hs(r')  the  incident  magnetic  field. 


F*LD  rot  NT 


Figure  1.  Reflector  analysis  coordinate  systems  and  a  typical  triangular  facet. 
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Let  (*s<  >j.  zj)  denote  the  coordinates  of  the  reflector  surface.  For  the  purpose  of  analysis,  the 
reflector  surface  is  subdivided  into  small  triangular  regions.  Within  each  triangular  region, 
actual  subreflector  surface  is  approximated  by  a  planar  surface,  or  face:.  Now,  let  f?*j,  Rk2<Rk3 
vectors  directed  to  the  three  vertices  of  the  rfh  facet  Then,  vectors  along  the  sides  of  the  facet 
given  by 


A~Rtl-Rk2 


B~Rkl~  Rki 


c  =  Rkl~Rk\ 


«nd  a  u-  it  normal  nk  may  be  constructed  by  the  following  vector  operations: 

AxB 
"k  |A  x  B| 

The  area  Ak  of  the  triangle  is  readily  calculated  from 

Ak^^IS(S-A)(S-BXS-C) 


where 


sJttElM 

2 

With  this  triangularization  established,  the  PO  surface  current  is  approximated  by 


N 


*=! 


where  J y*  is  the  PO  current  evaluated  at  the  center  of  the  ,':th  facet.  In  other  words,  the  PO  surface 
current  is  assumed  to  be  constant  over  a  facet.  Using  this  expression  in  Eq.  (1)  gi.  es  the  following 
approximation  for  the  PO  radiation  integral: 


H- 


(3) 


Notice  that  a  discrete  approx  "nation  is  used  fo:  the  current  as  well  as  the  surface.  For  aid  in 
convergence,  the  distance  Rk  is  .hosen  to  be  on  the  surface  rather  than  on  the  triangular  facet. 
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Dual-Reflector  Calculation 

For  generality,  we  will  consider  the  dual-reflector  calculation;  the  single  reflector  calculation 
can  be  done  in  the  same  manner,  but  the  time  associated  with  the  calculation  is  considerably  less  and 
may  not  require  the  capabilities  of  parallel  computing. 

Referring  to  Figure  2,  the  dual-reflector  case  consists  of  a  feed,  subreflector  surface,  and  main 
reflector  surface.  The  field  scattered  from  these  surfaces  is  evaluated  at  a  given  field  point  and  the 
calculation  can  be  thought  of  as  three  sequential  operations:  (1}  compute  the  currents  on  the  first 
reflector  using  the  standard  PO  approximation;  (2)  utilizing  the  cirrents  on  the  first  reflector  as  the 
field  generator,  compute  the  currents  on  the  second  reflector,  and  (3)  compute  the  required  field 
values  by  summing  the  fields  from  the  currents  on  the  second  reflector. 

Utilizing  the  method  described  in  the  previous  section,  each  surface  is  subdivided  mto  small 
triangular  regions,  with  a  typical  mesh  projected  into  the  x-y  plane  shown  in  Figure  3.  The  currents 
on  the  first  surface  (typically  called  the  subreflector)  are  evaluated  using  Eq.  (2).  For  the  examples 
considered  in  this  paper,  the  incident  will  be  in  the  form  of  a  cosine  to  the  power  Q,  although  any 
desired  incident  field  evaluation  could  be  used.  Thus  the  incident  field  is  of  the  form 

Hf(r  )  =  cos'1  (6)——, — 

where  the  feed  is  assumed  to  be  pointing  along  the  Zf  coordinate  and  9  is  the  polar  angle.  The 
magnetic  field  incident  on  each  triangle  of  the  second  reflector  (typically  called  the  main  reflector)  is 
evaluated  using  Eq.  (3).  The  currents  on  each  triangle  are  then  obtained  by  using  the  physical  optics 
approximation  of  /  =  2n  x  H .  Observe  that  to  obtain  the  current  for  tach  triangle  of  the  second 
reflector  requires  a  sum  over  all  the  triangles  of  the  first  reflector.  The  field  scattered  from  the 
second  reflector  is  then  evaluated  by  another  application  of  Eq.  (3)  (or  a  similar  form  of  the  equation 
if  the  E-field  is  required). 

Parallel  Algorithm 

Observe  that  the  most  time-consuming  pan  of  the  calculation  is  the  computation  of  the  currents 
on  the  second  reflector  due  to  the  currents  on  the  first,  since  for  N  x  N  triangles  on  the  first  reflector, 
each  of  the  M  x  M  triangles  on  the  second  reflector  required  an  N2  sum  over  the  first.  Since  each 
calculation  requires  the  identical  number  of  operations,  the  N2  triangles  can  be  evenly  distributed 
over  the  nodes,  and  the  sum  done  in  parallel  for  each  of  the  M2  triangles  on  the  second  reflector. 
However,  since  the  computation  of  the  currents  on  the  fin!  surface  is  trivial,  little  (other  than 
storage)  is  gained  by  distributing  the  N7  triangles  of  the  first  reflector  over  the  nodes.  Computation 
of  the  currents  on  each  of  the  M2  triangles  is  evenly  distributed  over  the  nodes  and  the  computations 
are  done  in  parallel.  Hence  each  node  has  a  copy  of  the  program  for  computing  the  integrand  of 
Eq.  (3),  and  each  node  computes  the  H-field  and  current  for  its  assigned  triangles.  After  each  of  the 
nodes  computes  its  M2/NODES  of  the  currents,  the  currents  are  then  collected  such  that  each  node 
has  all  the  currents.  To  compute  the  field  values,  each  node  does  M2/NODES  of  the  sum  of  Eq.  (3) 
utilizing  the  currents  on  the  main  (second)  reflector.  The  final  result  is  obtained  by  summing  the 
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Figure  2.  Schematics  of  the  coordinate  systems. 


fields  obtained  from  each  of  the  nodes.  It  is  possible  to  improve  the  algorithm  for  storage  (but  only 
a  minor  time  savings)  by  not  collecting  all  the  currems  on  the  main  reflector,  since  each  node  only 
needs  its  M -VNODES  currents  to  do  ‘-he  field  summation. 

Examples  and  Conclusions 

As  an  example,  we  consider  the  two  parabola  example  shown  in  Figure  4  (Reference  2).  This 
is  a  portion  of  JPL  beamwaveguide  system  and  is  designed  to  image  the  input  feed  pattern  to  the  first 
parabola  at  the  output  focus  of  the  second  parabola.  The  geometry  is  as  shown  and  for  this 
calculation  a  cosv(6)  feed  pattern  with  q  -  238.25  is  used  as  an  input.  A  typical  output  is  shown  in 
Figure  5  with  a  comparison  to  measured  data  included. 
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PAftABOCC  REFUCTOR  DtUPLE 
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Figure  3.  Typical  mesh  projected  in  X-Y  plane. 


The  typical  time  for  a  small  example  is  shown  in  Table  1.  The  only  pan  of  the  program  that 
was  parallelized  was  the  portion  which  computes  the  second  reflector  currents  from  the  first  reflector 
currents.  For  sufficiently  large  problems  this  portion  of  the  code  dominates.  However,  it  is  possible 
to  parallelize  the  field  evaluation  and  this  will  be  done  in  the  future.  Observe  that  the  efficiency  of 
calculating  the  currents  using  8  nodes  is  98.6%. 


Table  1.  Dual  reflector  example  with  10372  triangles  on  each  surface 


#  Nodes 

1 

4 

8 

Time  for  first  reflector  currents 

11 

12 

13 

Time  for  recond  reflector  currents 

2849 

1437 

Field  evaluation 

191 

192 

194 

Total  (seconds) 

11,721 

3053 

1644 
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Figure  4.  A  two-mirror  BWG  system  test  setup. 


Figure  5.  Measured  (dashed  line)  and  computed  (solid  line)  data  for  offset  plane  (X-band). 
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Abstract 

Th*  ability  to  efficiently  calculate  the  far  tone  icattering  from  polynomial  aurfatet  Is 
needed  when  modeling  structures  using  modem  CAD  packages.  A  Uniterm  geometrical 
optics  (UGO)  and  extended  uniform  geometrical  theory  of  diffraction  (EUTD)  has  recently 
been  deeeloped  for  polynomial  structures.  The  applications  of  this  theory  to  two-dimensional 
fourth  order  polynomial  strips  is  discussed.  The  results  are  validated  using  moment  mrtliods. 


I  Introduction 

The  wide  availability  of  CAD  packages  to  engineers  has  lead  to  many  structures  being  routinely 
defined  by  splines,  that  is,  patches  defined  by  polynomials.  There  arc  numerous  useful  codes 
for  calculating  the  radar  cross  section  of  such  objects  in  use.  Most  of  these  codes  are  based 
on  some  form  of  explicit  physical  optics  and  fringe  current  integrations  (PO/PTD).  Geometrical 
optics  (GO)  [1],  geometrical  theory  of  diffraction  (GTD)  (2|,  and  it  uniform  version  (UTD)  [3]  lus 
seen  limited  use  for  these  applications.  This  is  due  to  the  fact  that  the  classical  solution  fails  in 
caustic  regions  for  surfaces  defined  by  powers  greater  than  two.  Yet,  it  can  be  desirable  to  have 
a  solution  that  retains  the  efficiency  for  large  objects  and  the  physical  insight  into  the  scattering 
phenomenology  that  UTD  affords. 

A  solution  has  recently  been  developed  that  extends  the  GQ/UTD  to  general  polynomial 
delined  surfaces.  This  extended  solution,  refentu  to  here  zz  UQQ/EVTD  [4],  has  been  rigorously 
defined  for  arbitrary  polynomial  surfaces  for  near  and  far  zone  cases.  The  solution  is  limited  in 
practice  by  the  ability  to  efficiently  calculate  he  special  transition  functions.  The  third  order 
solution  is  fully  worked  out  for  cubic  polyno  J  strips  (5)  using  incomplete  wry  functions  (6|. 
This  discussion  will  outline  the  theory,  but  con-  ntiate  on  the  implementation,  in  particular  for 
fourth  order  polynomial  strips.  The  advantages  foi  large  sized  patches  will  be  discussed. 
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II  Technical  Approach 


The  development  of  the  UGO/EUTD  diffraction  coefficient*  it  baaed  on  the  use  of  tpatial  domain 
radiation  integrals  for  the  scattered  fields  obtained  from  PO.  The  relevant  scattering  mechanisms, 
corresponding  to  the  critical  points  of  the  integrals,  are  extracted  using  uniform  asymptotic  pro¬ 
cedures,  in  particular,  a  generalised  form  of  Chester7*  expansion  [7].  The  details  of  this  derivation 
are  given  in  Reference  [4j,  for  the  general  case,  and  also  [5]  for  just  the  third  order  case.  Previous 
solutions,  like  in  References  [10]  and  (ll|,  do  not  contain  edges. 

The  surface  under  consideration  here  can  be  defined  as 

r  (u)  =  ui  +  Y  (u)  j,  a  <  u  <  6, 


where 

Y (u)  —  au  4-  aju  -f-  a*u2  -f  •  •  -  4-  a„uM. 

The  geometry  is  illustrated  in  Figure  1,  in  this  c*a*-,  for  a  fourth  order  polynomial  surface.  In 
general,  there  will  be  several  reflection  points  (i.e.,  Qi,  Q a,  and  Q|),  sero-curvature  points  (i.r., 
Copland  Qp?),  and  two  edge  diffraction  [mints  (i.e.,  Q«  and  Qj,).  The  form  of  the  solution  is  designed 
to  correspond  to  the  standard  form  of  the  UTD,  that  is,  diffraction  coefficients  associated  with 
the  pertinent  rays.  The  important  practical  difference  is  that  the  new  solution  includes  transition 
functions  composed  of  complete  and  incomplete  generalised  Airy  type  integrals  [4|,  including 
standard  Airy  and  Pearcy  functions  |6,  8,  9].  The  following  results  are  for  the  two-dimensional 
case,  where  v  ■=.  n  refers  to  the  order  of  the  polynomial. 

The  reflected  field  for  one  of  the  reflection  points  may  be  written  as 


r  (r,M  ~  E-  (Q,)  ■  It (Q, )  ijip, [Qt) CO. 

where  E'  (Qr)  is  the  incident  plane  wave  for  the  particular  reflection  point  and  W  (Qr )  i®  the  UGO 
dyadic  reflection  coefficient  given  by 

^  (Qr)  r~  7^#  (Qr)  «l£-l  +  Hh  (Qr) 


-RnJt  (Qr)  =  R',U*r'  K  (“7l.2i")  , 


R„th  =  T 1 ,  for  a  perfectly  conduting  boundary. 

The  special  functions  will  be  discussed  below. 

The  rero -curvature  diffracted  field  from  a  concave- con  vex  polynomial  boundary  may  hr  written 
as 

vP 
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Figure  1:  Geometry  and  relevant  parameters  for  the  scattering  from  a  fourth  order  polynomial 


\ 


I 


where  El  (C?p)  n  the  incident  plane  w ave  at  Qr  mid  ?5  (Qr)  la  the  EUTD  dyadic  odd  order 
zero-curvature  diffraction  coefficient  given  by 

(Qv)  =  v?  (v>r.w/)  *l«j  +  »r  (v’p.v’pii') 
vr*  (iV***)  -  *-JSrL'('Pf.W')  ( /pj (-y,,, i>) ,  (dark  Jr). 

Tliere  is  a  similar  expression  for  eren  order  zero-curvature  points,  but  with  a  different  transition 
function. 

The  edge  diffracted  field  may  be  written  as 

sfP 

V  (Qr)  =V.(f'.'Vr\v)ili±  +  (V’llV’.i*')  ®{|®il> 


The  EUTD  transition  function  ^(7,^,1/)  is  defined  as 


_ i _  ■^(TU.O.*') 

co.  ’  co.  (*42®) 


?(?/  •')  =  i  (7  +  r-1)  /:(T.c,«')e;(lC+r 


For  the  cubic  polynomial  case,  v  =  3,  the  functions  7p/  =  0,  and  /,*/  sre  rclaltd  com¬ 
plete  Airy  type  integrals.  The  function  7J  is  an  incomplete  Airy  integral.  For  the  fourth  order 
polynomial  strip,  v  =  4,  the  generalized  Airy  Functions  reduce  to  a  special  case  of  the  Pearc.y 
integial.  In  all  cases,  when  the  curvature  is  in  a  convex  region,  the  complex  conjugate  versions 
are  used.  It  should  be  noted,  that  when  the  observation  direction  is  near  an  optical  boundary 
and  far  removed  from  the  caustic  directions,  can  be  expressed  in  terms  of  the  Fresnel  integral, 
thereby,  the  T  function  reduces  to  th  normal  UTD  transition  function.  To  safe  space  definition 
of  other  pertinent  parameters  can  be  found  in  References  (4J  and  [$]. 


Ill  Numerical  Results 

The  accuracy  and  limitations  of  the  UGO/EUTI)  solution  is  demonstrated  by  showing  the  far 
zone  scattering  from  a  fourth  order  polynomial  strip  .  A  two  dimensional  moment  method  (MM) 
solution  is  used  for  comparison.  The  re* ults  are  also  compared  with  the  classical  GO/ UTD  solution 
to  illustrate  how  the  new  solution  corrects  the  caustic  and  composite  shadow  boundaries. 

The  results  for  this  discussion  are  limited  to  the  case  where  ihe  iwo  first  order  zero- tur  vatu  rc 
points,  Qp\  and  Qp2l  *■  shown  in  Figure  I,  are  sufficiently  far  apart.  When  Q,ti  and  Qp2  are 
close  together,  the  two  caustics  form  a  cusp  and  the  UGO/EUTD  solution  fails.  The  UGO/UTD 
solutions  does  apply  when  Q,,i  and  Qp2  coalesce  to  form  a  second  order  zero-curvature  point, 
however,  no  results  for  this  case  are  available  at  this  time.  Figure  2  shows  the  bistatic  echo 
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-180  -90  0  90  180 

Angle  of  Observation  Q  (degrees) 

Figure  2:  Bistatic  echo  width  (TM  ewe)  of  *  fourth  order  polnomial  strip  with  a,,  =  1  .OA,  «i  =  0.5, 
O/  =  -0.4A"  ' ,  ay  =  0.1A”?,  a\  —  0.1A”3,  a  =  — 1.5A,  6=  1.0A,  and  angle  of  incidence  6'  --  -45°. 

width  of  a  fourth  order  polynomial  strip  with  a0  -  1.0A,  at  —  0.5,  a7  —  — 0.4A"1,  o:i  =  0.lA*\ 
a.i  *=  0.1A-'1,  a  =  -  1.5A,  and  6  *  i .0A,  illuminated  by  a  TM  polarized  plane  wave  incident  at 
an  angle  of  0  ~  —45°.  The  UGO/EUTD  results  shows  good  agreement  with  MM  for  the  TM 
polarization  case.  For  the  TE  case,  which  is  not  shown  here,  the  agreement  is  also  good,  however, 
near  edge  on  incident  requires  the  addition  of  higher  order  diffractions.  The  classic  GO/UTD 
solution  fails  dramatically  near  the  caustics  (0  ~  —112°  and  0  m  —35°).  The  solution  also  works 
well  as  the  surface  goes  to  a  flat  strip,  that  is,  it  is  a  uniform  solution  for  different  orders  of  the 
polynomial. 


IV  Conclusions 

A  new  extended  uniform  geometrical  optics  (UGO)  and  uniform  geometrical  theory  of  diffraction 
(EUTD)  has  been  developed.  It  overcomes  many  of  the  limitations  of  the  classical  DTD  solution 
fur  polynomial  surfaces  with  order  greater  than  two.  It  has  the  advantage  that  the  solution 


actually  take*  lea*  time  to  compute  a*  the  sisr  of  the  patch  gets  larger.  Thin  in  Hue  the  fact  that, 
the  transition  function!  needs  to  he  calculated  more  infrequently  aa  the  electrical  siae  get*  larger. 
This  is  in  contrast  to  integration  implementations  whose  calculation  time  requirements  increase 
with  siae  (12].  It,  also,  has  the  advantage  of  the  UTD  by  providing  physical  insight  into  where  the 
scattering  emanates.  The  disadvantage  is  that  it  relies  on  special  function  evaluation.  Efficient 
algorithms  for  compluU.  and  incomplete  Airy  Integrals  have  been  developed.  Similar  studies  of 
the  Pearcy  Integrals  have  been  under  investigation. 

The  solution  has  also  been  investigated  for  three  dimensional  patches  when  the  caustics  for 
the  two  different  principal  directions  are  separated.  More  work  is  needed  for  the  general  case. 
In  any  event,  this  the  solution  is  still  useful,  since  the  other  dimension  can  he  added  through  a 
one  dimensional  integration.  The  near  rone  solution  has  also  been  developed  but  is  not  discussed 
here. 

The  solution  has  been  applied  to  the  far  tone  scattering  from  fourth  order  polynomial  strips. 
Various  configurations  have  been  tried  and  compared  with  a  two-dimensional  moment  method 
solution.  The  results  compare  very  well  over  the  regions  that  the  first  order  terms  included  here 
dominate. 
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Abstract 

It  is  known  that  surface  waves  radiate  energy  ■'  curvature  discontinuities.  By  reciprocity,  surface  waves  will  he  excited 
by  plaae  waves  incident  upon  such  a  discontinuity.  Here,  the  problem  of  the  radiation  of  a  auiface  wave  on  a  ft  1  dielectric 
coated  perfect  conductor  which  changes  abruptly  into  a  cylindrical  dielectric  coated  perfect  conductor  is  considered.  The 
dielectric  is  assumed  to  be  homogeneous,  isotropic  and  linear.  The  problem  it  formulated  as  an  integral  equation  over  the 
vertical  discontinuity  in  terms  of  Green's  (unctions  of  flat  and  cylindrical  coated  conductors.  This  integral  equation  can 
be  simplified  by  the  use  of  regular  perturbation  theory  in  the  case  of  a  large  radius  of  curvature.  Thus,  perturbation  fount 
of  the  Green's  functions  arc  determined  and  from  these  an  iterative  approximate  solution  to  the  intcgial  equation  is 
obtained  Kesulii  of  a  numerical  solution  or  the  integral  equation  for  an  impedance  surface  are  compel nd  to  published 
results  for  the  same  surface  and  some  results  fur  the  coaled  surface  arc  discussed. 

IntrNactiea 

bound  modes  of  open  wave  guides  radiate  cneigy  at  irregularities  such  as  an  abrupt  change  in  curvature  f  ]  | .  Uv 
reciprocity ,  a  plane  wave  incident  upon  such  an  irregularity  will  excite  a  bound  mode  An  itnjxirlant  problem  \s  to 
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deuraune  the  extent  of  this  coupling  and  if  it  is  effected  by  the  cutoff  frequency  ihe  waveguide.  A  number  of  authors, 
especially  (1]  and  [2],  have  determined  the  radiation  due  to  a  straight  impedance  surface  abruptly  changing  to  a  convex 
curved  impedance  surface  characterized  by  a  Urge  radius  of  curvature.  To  determine  how  the  cutoff  frequency  affects 
coupling  a  more  complex  structure  must  be  considered  This  paper  preseats  a  method  for  determining  the  unknown 
magnetic  field  tangential  to  an  aperture  formed  by  a  flat  dielectric  coated  perfect  conductor  abruptly  changing  to  a  curved 
dielectric  coated  perfect  conductor  wit  i  u  large  radius  of  curvature.  Once  the  unknown  tangential  magnetic  field  on  the 
aperture  is  determoed  all  of  'he  fields  are  determined  [3J. 

PrrlWa  Statement  and  Focv'ilatiea 

The  problem  is  to  solve  jo;  u*.  radiation  and  reflection  of  a  transverse  electric  surface  wave  incident  upon  a  convex 
curvature  discontinuity  of  a  dielectric  cojtod  perfect  conductor.  The  dielectric  is  assumed  to  be  homogeneous,  isobopic 
and  linear  /aid  is  characterized  by  permittivity  e,  ,  perincabiltv  p,  and  thickness  t.  The  region  above  the  dielectric  .s 
characteriied  by  the  conslituitive  pri -meters  c. ,  p;.  The  radius  of  curvature  ts  R.  The  incident  Field  is  a  TE  surface  wave 
supported  by  an  infinite  flat  dielectric  waveguide,  E*M.  The  geometry  of  the  problem  is  shown  in  Figure  1 .  It  is  assumed 
that  both  the  f!;t  and  curved  sections  extend  to  infinity  without  any  deviation  so  that  there  ate  no  reflections.  Of  special 
interest  is  the  large  tadius  of  curvature  case.  By  reciprocity  the  solution  alio  applies  to  the  excitation  of  surface  waves 
by  plane  wave*  incident  upon  the  cun  ituie  d-sconfuwuty. 

f\  problem  similar  to  this  for  er  nnoedance  so  face  w»  ->lved  by  Kuester  and  Chang  (2].  They  formulated  the  problem 
f. ;  an  integral  equation.  This  fonnulation  can  be  gc  on  d  to  apf  'y  to  the  present  problem  Using  the  aperture  shown 
in  Figure  ] ,  defined  by  the  half  plane  y  ■  0,  *  '->  -I,  an  tr>  ml  liquation  for  the  unknown  aperture  fields  can  be  formulated. 
It  can  be  derived  in  ■  similar  manner  to  Rayl  ^t-Sotmueiftld's  formulation  of  d:fTra>;tion  due  to  an  aperture  [4]  Applying 
this  technique  to  the  problem  resu’ts  in  a  T .«  *>o!ai  integral  equation  of  the  first  kind  for  f(r)  on  the  aperture,  equation  (1), 
in  terms  of  tie  Green''-  factions  for  an  iniinite  flat  surf  ,cc,  G,.  and  a  cylindrical  surface,  Gc,  and  the  incident  field,  which 
is  contained  in  the  term  fl(x).  The  unknown,  f(x),  is  directly  related  to  the  tangential  magnetic  field  on  the  aperture. 


PW  +  2 f  Gs  (*,0  ;  x',0)  /  CxO  tfc'  ♦  f  [Gc  (*,0  ;  *',0)  -  G,  (*,0  ;  *'.0>]  /(*')<&'*  0 


U) 


where  f(x)  sod  p(x)  are  defined  as  follows: 


/tri  *  ^ 


\y 


(2) 


'-0 


2PC,.  M  2  fGs  -fr  *'  *  E* 


(3) 


j-rr'-o 


For  large  radiuc  of  curvature  it  is  known  that  the  Green’s  function  for  the  rurved  surface  will  approach  the  Green's  function 
for  the  flat  surface.  Ilecause  of  this,  care  must  be  taken  when  (1)  is  solved  so  that  the  effect  of  the  second  integral  is 
not  lost  during  the  numeiical  solution.  An  easy  way  to  take  care  of  this  \r  apply  regular  perturbation  theory  (5)  Since 
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G,  approaches  Gc  «  i*  possible  to  derive  Gc  as  G,  plus  correction  terms.  This  is  formally  shown  in  (4)  where  *  is  l/R 
rad  G*  •  G*. 


GcCx.0^',0)  -  G0  +  («‘)  G,  +  (c2)  Gj  +  0(«5) 


(4) 


Applying  (4)  m  (1)  rad  expanding  l(x)  is  in  (5)  r«*uh*  in  equation!  (6)  and  (7)  which  can  be  aolvtd  recunively  for  the 
zmn,  rad  tiro  order  lenni  of  f(x) 


JW  */»«  *  («')/,(*) ♦  oc*2) 


(&) 


Of**): 


/  2  fjjn1)  dx‘  -  -p(*) 


(6) 


0<c‘): 


/  2  *  */  GlU*f)/lJxf)  dx‘ 


(1) 


Closer  exammaiion  or  (6)  shows  that  it  is  just  an  ai, nelson  for  an  infinite  flat  surface  This  problem  has  a  known  solution 
and  dots  not  aaad  to  be  calculated  numencaUy  Uim*  the  known  aotuboo  for  falx)  tbould  reaull  in  a  numerical  aululion 
for  f,(s)  that  is  last  aflfoclod  by  cosnputmg  errors  due  to  truncation  of  the  nlofral  09*1100  and  truncation  of  the  integral 
found  *  the  Groans  fnactsona 

The  cam  aad  first  order  terms  of  the  Groans  functions  for  the  source,  panne  coosdmate,  and  field,  uuptsmed  aooadmau, 
potntz  both  uiasdc  and  above  the  dielectric  have  boon  ralrutesort  The  Greeni  functsom  for  the  source  and  field  points 
above  the  dielectric  (1  e  *X>  and  xX>)  are  shown  below  for  sn  -•tamed  tana  dependence  e".  where  w  is  the  radian 
fratfjtacy 


c.  s-i  f  [S’*  >  — 

**  t.  T- 


G.  -  -j-  f 
Ik  __ 

*  Tj  [  -  «j(v  Xt,5  *  PjfxKr,  *£Kv)V  VTj'-i  — 

Vl 
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where: 


Yi  *  tf-v3) 

Yi  ’  (^-v2) 

t,  -  mtxCv') 

x<  •  mmtv') 

■  w, 

V2 

«S<v)  m  ^r- 
2rti 

k  \ 

u"  ■  3 

’  •  3 

„  ir^,«>(Y,0 

-  -r,Ua**w<Y,0 

pf,)  .  •i‘2<2r,w,tb)  -  -  i 

Y^t^Yi#  ♦ 

k,  aad  kj  are  the  wiv*  —  teben  for  tb*  dselectnc  and  fro*  apace  respectively 
The  Grom's  function*  ore  valid  lew  x/R  <<  1 


No*  that  fee  Grom's  functions  haw*  bom  derived,  (he  integral  equation  for  (he  unknown  tan§anual  magnetic  field  ai  (he 
aperture  cm  bo  solved  The  oqaaluxi  ts  solved  »ta|  puke  Gakrfcm's  method  |6)  which  require*  (hot  the  integral  be 
troanaio i  so  that  it  ts  finite.  Thu  oaa  bo  dam  usaooesMIy  whoa  the  incident  fold  above  the  dtekctnc  has  decayed  to  u 
potai  where  it  is  negligible  This  condition  remits  ta  (he  further  requirement  that  1/k^l  «  1 

The  puke  Gaiorkm's  method  woo  uood  imsad  of  colioesbon  so  (hat  the  mtogral  involved  is  calculating  the  Grom's 
fmcdotu  would  converge  more  quickly  If  collocation  wore  used  ih*  integral  would  decay  as  l*,  for  large  y,  Ka  when 
poise  Os  lesion  s  method  is  oesd  (he  integral  decays  as  This  makes  the  aiimen.  A  i&iegrauon  easier  Pulm  Basis 
functions  were  used  instead  of  mere  eoeopiicslod  bests  functions  because  their  relative  s.mphcuy  allowed  integrations  over 
x  and  x  '  to  be  easily  calculated  anahlicaUy 


Xuastcr  aad  Chang  [  1 )  and  Shevchenko  |4|  hove  solved  the  problem  of  a  convex  curvature  discontinuity  in  an  impedance 
surface  Shevchenko  solved  the  pro  Hem  by  approxuaatmg  it  a*  a  dtekctnc  slab  of  varying  Uucteess  Kuo  star  sad  Chang 
uemg  a  slightly  different  terhniqut  derived  (he  same  integral  equation  as  was  pra seated  earlier  They  then  solved  the  exact 
Green  s  functions  m  rectangular  ooordasates  lor  ine  siab  waveguide  and  >n  cylindrical  coorduteies  for  the  cyiusteicai 
waveguide  which  was  then  expended  using  large  at  giant. ui  approx  motions  for  the  bcsael  fimctiooi  Their  results  compered 
favorably  io  Shevchenko's  Both  Shevchenko  aad  Knesier  aad  Chang  derive  approximate  analytical  solutions  for  the 
unknown  magnetic  field  at  the  aperture  Then  results  are  favorably  compered  below  with  the  results  obtained  by  using 
our  method  applied  to  the  impedance  surface 
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Figure  1  The  imaginary  part  of  the  first  order  solution  for  the  impedance  surface 


Fipir.)  The  real  part  of  the  first  order  solution  for  the  impedance  surface. 


The  impedance  surface  is  at  for  the  straight  section  and  p-R  for  tbc  curved  section.  The  regi  1  Jve  the  surface 
is  assumed  to  be  free  space  (wave  number  k^>  and  it  is  assumed  that  there  are  no  reflections  from  the  cods  Finally,  the 
radius  of  curvature  is  assumed  to  be  large  compared  to  a  wavelength,  for  an  impedance  surface  the  Green's  function  for 
the  zero  and  fart  order  terms  can  be  written  as  follows: 


where 


w  *  ^1  -  V1 


ro 


*  -  a 

w  +  7r„ 


w 

where 

a(v) 

,  - ~A - 

h*j(w3+yJ) 


2jw 


P(v) 


1 

2»i>1 


y,  is  the  normalized  surface  susceptance  -jZ */Z,. 

Figures  2  and  3  respectively  show  the  imaginary  and  al  results  of  Kuester  and  Chang  (the  solid  line)  and  our  numerical 
■oluiior  (the  dots)  for  yf- 1  and  a  frequency  of  1.0  GHz.  As  can  be  seen  they  compare  favorably. 

Figures  4  and  5  show  a  comparison  or  the  exact  and  numerical  solution  of  the  zero  order  integral  equation  for  the 
imaginary  and  reai  parts  respectively.  As  can  be  seen  the  imaginary  part  compares  favorably.  The  exact  solution  or  the 
real  part  is  zero  The  numerical  solution,  though  not  exactly  zero,  is  at  least  two  orders  of  magnitude  smaller  than  the 
imaginary  part  and  thus  negligible  The  real  part  docs  show  the  problem  areas  in  the  numerical  solution.  These  occur  at 
the  surface  of  Ibc  coating  where  the  Green's  functions  ire  difficult  to  compute  and  where  the  integral  equation  has  been 
truncated  The  parameters  for  the  problem  shown  are  p„  *  *  2,  p„  *  *«;  “  l.  “  207173,  t  ■  .04566  and  f  *  1GHz. 

Figures  6  and  7  show  the  imaginary  and  real  part  of  the  solution  to  the  first  oider  problem.  The  boundary  conditions  at 
the  dielectric  surface,  xH),  require  that  p,f(x)  ■  p,f(x)  and  that  their  derivatives  are  also  equal.  f(x)  must  also  go  to  zero 
at  the  perfect  conductor  and  as  x  goes  to  All  of  these  conditions  art  met  in  figures  6  and  7.  The  coated  surface  shown 
was  act  up  to  match  the  impedance  surface  to  the  zero  order  term  A  comparison  of  Figures  2  and  3  to  Figures  6  and  7 
shows  that  they  have  similar  shape v  but  slightly  different  amplitudes.  This  is  mainly  due  to  the  problems  not  being 
matched  to  the  first  order. 


Kueitcr  and  Chang  12)  and  Shevchenko  []]  have  analytically  solved  the  problem  of  radiation  due  to  an  abrupt  but  modest 
change  in  curvature  of  an  impedance  surface  Figures  2  and  3  show  that  the  problem  can  also  be  solved  using  our 
method  In  oth>  r  words,  b-,  first  formulating  it  ss  an  integral  equation  in  lemu  of  Green's  functions  and  the  unknown 
tangential  magnetic  field  at  the  aperture  and  then  applying  regular  peituri  .»tion  theory'  to  these  quantities  to  get  a  recursive 
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Figvrc  4  The  imaginary  part  of  the  zero  order  solution  for  the  coated  surface. 
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Figure  5  The  real  part  of  the  zero  order  solution  for  the  coated  surface. 


solution  that  is  more  robust  than  just  solving  the  original  integral  equation.  This  method  was  then  extended  to  a  dielectric 
coated  perfect  conductor  foi  which  only  the  zero  order  solution  it  known  Figures  4  and  5  show  that  the  exact  and  zero 
order  terms  compare  favorably.  The  only  problems  occur  at  the  boundary  where  numerical  calculation  of  the  Green's 
iiiuvitoui  a  difficult  snd  where  the  integral  equation  truncated  No  published  results  were  found  to  compare  to  figures 
6  and  7  but  they  do  appear  to  satiify  the  radiation  condition  and  the  boundary  conditions  at  the  dielectric  surface  and  the 
perfect  conductor. 
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Figar*  t  The  imaginary  part  of  the  first  order  solution  for  !h«  coated  surface 


Fitpire  7  The  real  part  or  the  first  order  solution  for  the  coated  surface. 
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HIGH  FREQUENCY  SCATTERING  BY  A  CONDUCTING 
CIRCULAR  CYLINDER  COATED  WITH  A  LOSSY  DIELECTRIC  OF 
NON  UNIFORM  THICKNESS-TE  CASE 


S.  Gokhun  Tanyer,  Robert  G.  Olsen 
School  of  Electrical  Engineering  and  Computer  Science 
Washington  State  University 
Pullman,  WA  99164-2752 


1  Introduction 


The  study  of  electromagnetic  scattering  by  coat  d  and  uncoated  scatterers  has  been  of  consul 
erable  interest  to  the  electromagnetic  community.  T  Vse  studies  have  been  motivated  by  academic, 
interest  and  by  numerous  engineering  application-;.  Various  methods  have  been  developed  to  treat 
cylinders  of  different  shapes,  sixes  and  constituencies. 

It  is  only  recently  that  scattering  from  a  conducting  cylinder  coated  with  a  dielectric  of  non 
uniform  thickness  has  been  studied,  in  1991,  11.  P.  Parrikar,  A.  A.  Kishk  and  A.  Z.  Elsherbeni|li 
obtained  a  series  solution  for  scattering  by  an  impedance  cylinder  embedded  in  a  non  concentric 
dielectric  cylinder.  Later,  H.  A.  Rtghep,  L.  'Ihafai  and  M.  Hamidl2]  studied  the  elliptic  cylin 
der  coated  by  non  confocal  dielectric  coating.  These  solutions  are  rapidly  con-’erging  only  for 
cylinder  sixes  comparable  to  or  smaller  than  the  wavelength,  V  For  electrically  larger  cylinders, 
asymptotic  solutions  are  required.  This  paper  presents  an  analytical  solution  to  high  frequency 
scattering  by  a  conducting  circular  cylinder  coated  with  r.  lossy  dielectric  of  nor  uniform  thick¬ 
ness.  It  is  assumed  that  the  coating  is  thin. 


2  Formulation 


The  problem  of  electromagnets  scattering  from  a  perfectly  conducting  circular  cylinder  coated 
with  a  nonuniformly  thick  dielectric  is  considered.  The  cross  section  of  the  composite  structure 
(see  Fig. 1(a))  consists  of  a  perfectly  conducting  circuW  cylinder  and  a  lossy  isotropic  dieiectric 
layer.  The  dielectric  layer  i*.  taken  to  be  circular  with  an  axis  parallel  to  but  not  coincident  with 
the  axis  of  the  conducting  cylinder.  The  offset  is  designated  d.  Thr  structure  is  assumed  to  no 
illuminated  by  a  transverse  electric  (TE)  plane  wave. 
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Figure  1:  (a)  The  cross  section  of  the  structure  Figure  1:  (b)  The  boundary  conditions 


The  'i,  component  of  the  normalized  incident  magnetic  field  can  be  written  in  cylindrical  form 


hL  =  i  Hi  =  f;  jn(k,p)c’*  (i) 

n«  —  oo 

where  and  if  are  defined  in  Fig. 1(a).  The  total  fields  in  botli  regions  are  as  follows 

in  =  t  (2) 

n=— uo 

Hi  =  E  (-J)"  4  B-„Hl3\k2pj\  c’"*  (3) 

where  1  &  2  denote  the  dielectric  arul  the  free-space  regions,  respectively.  Note  also  that 

Hi  ~  H\  4-  H;  (4) 


where  H\  and  H‘  are  the  z  components  of  ‘.lie  incident  and  the  scattered  magnetic  fields,  respec¬ 
tively. 

Applying  the  boundary  conditions  on  two  surfaces  (see  Fig. 1(b)),  and  employing  the  addition 
theorem  for  Beisel  and  Hanke1  t unctions 


bo 


JrX'kp)^  = 

22  M™)  J„±n(kp')  £,(m+n)*' 

(5) 

H'?\kP)'r*  = 

E  MW  HjZUkp) 

(6) 
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F*  .arc  2:  (a)  |2?'|  vs.  n  for  kQb  =  10  Figure  2:  (b)  |#’|  vs.  n  for  k^b  —  20 


yields  &  set  of  linear  equations  in  terms  of  the  unknown  scattering  coefficients  £' .  By  setting  B*n 
to  zero  for  n  larger  than  some  sufficiently  large  N 


Z  B"  =  I  (7) 

where  Z  in  an  NxN  matrix,  and  B1  is  the  unknown  coefficient  vector  of  length  N.  The  value  of 
N  can  be  determined  by  examining  the  values  of  £*  for  various  values  of  k„b.  The  coefficients  B ' 
have  been  shown  for  two  values  of  kab  in  Fig.2.  It  is  clear  that  N  can  be  chosen  to  be  approximately 
kab  without  incurring  significant  error. 

The  elements  of  Z,  and  I  arc 


—  zm,n  —  7m,n^m,n 

\  /  mn 

,  \  N  N 

(,)  -  r  .... .  e 


n  m  —  —N  m*  -  N 

where  (  )mft  and  (  )n  denotes  Ijic  m'th  row  n'th  column  element  of  Z,  and  n’th  vector  element 
of  I,  respectively  and  where 

{1  for  m  =  n 

Jm-n(kid)  for  m  -  n  >  0  (10) 

for  m  —  n  <  0 


i».»  =  (-)T  [c.../fl,»,(fat)+  HW(k,b) j 

*w,n  =  (-})"  I  Cm.„J^k,b)~  Cm.„J„{ktb) \c-** 
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where 


(13) 

(14) 


C.,«  -  41[jyW'(fc1a)i/(')(i:1l.)-Htl1)'(i:1a)HW(i14)] 


Direct  solution  of  the  equation  yields  an  “exact”  solution.  Unfortunately  however,  N  becomes 
very  large  for  electrically  large  cylinders  and  a  direct  solution  of  Eq.(7)  becomes  impossible.  In 
this  case,  perturbation  theory  can  be  used  to  solve  for  B'  provided  kid  <  1.  For  thin  coatings, 
the  offset  parameter  d  is  small  and  the  perturbation  series 


s;  =  jr  g,p  (W 

p=0 


(15) 


is  convergent.  Coefficients  of  this  scries  can  be  found  by  substitution  of  Eq.(15)  into  Eq.(7). 

Those  are 


ft.,  ^(M)  -  c.,.  Mk,i) 

C.,  nS3)(hb)  -  ft,,  ltf>(ktb) 


(16) 


ft. 


~  _ Zn,n-1 _ 

2^n,n  2in»iin_iiTSin 


zra,n+l 

*  -  ln-M,n+l 

l,n+l  ^n.n 


(17) 


Cn.l  — 


*n,n-2  “f  in,w+2 
8*n.n 

2n,n-J  /  zn,n-l  ,  ,  Zn,n-H  zn,n+2  r 

‘77  U-2.0  -  77  U-1,1  +  77  Uu  -  77  W 

ozn,n  zzn,n 


2in,n  SZn.n 


Cn^»  “ 


‘n,T» -p  ln,«+p 

~vrvTzr 

zn,r»-l  r  (  1 )  ^w.n-rl  r 

2i„,„  T  2^,  U+l‘'-1 

.  (-1)Jftn+J  , 

"T"  U-ap-i  +  v.+;  j.4-3 

°*n.n  °*n. 


(18) 


_  1 _  -  ,  (  1)^  . 

(P  -1)!  »->  +  (p  -  1)!  2»-' 

**»•’*->  /•  ( ~1  r 

_!  -l.  ;  U-p.0  _|  ;  Sp+p,0 


(19) 
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Figure  3:  The  approximate  perturbation  scries  solutions  of  order  zero ,  one  and  two. 


Substitution  of  Eq.(  15-19)  into  Eq.(3)  yields  the  analytical  solution  for  the  fields  in  Medium  2. 
Note  that  the  zeroth  order  solution  is  equal  to  the  solution  for  the  uniform  coating  case.  The  per¬ 
turbation  series  solution  for  the  total  field  in  Medium  2  is  calculated.  The  exact  series,  the  zeroth, 
first  and  second  order  solutions  are  compared  in  Fig. 3  for  the  coated  cylinder.  The  parameters  are 


k2b  — 

20 
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3  Asymptotic  Solution 


The  perturbation  series  solution  still  does  not  converge  well  for  electrically  large  cylinders. 
In  addition,  it  provides  no  physical  insight  into  th**  solution  For  these  reasons,  an  asymptotic 
solution  is  sought.  According  to  Watson  Trav j/<>nn(3 


u)  =  t  (-jTW’IW) 


L  l  L-J}1  e-,~  dv 

2  J c  sin 


(20) 
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Figure  4:  (a)  The  geometrical  optics  Figure  4:  (b)  The  creeping  wave  diffracted  rays 


where  C  eudoses  the  poles  of  B *.  After  some  manipulation  where  the  Cauchy  Residue  Theorem 
and  Eq.(*5)  are  employed,  one  can  write 


H]  *  H]»  4-  H2/ 


(21) 


where  and  ■ft','’1  are  the  zeroth  and  first  order  correction  terms  ol  Kq.(  15 ),  and  they  are 
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tffo>0  and  tff0,1  arc  the  zeroth  and  first  order  GO  terms,  and  the  total  GO  contribution  is  equal 
to  zero  in  the  shadow  region  and  equal  to  the  incident  plus  reflected  field  in  the  illuminated  (lit) 
region(see  Fig.4(a)). 

The  zeroth  and  first  order  GO  terms  in  the  illuminated  region  are  found  to  be 


H?°u  =  H',(QK)  Rl  (Qr) 

(24) 

Hf0J  =  h'.(Qr)  K  (Q«)  e-^~ 

(2o) 

here  -^(Q/i)  and  R\(Qh)  arc  the  zeroth  and  first  order  local  reflection  coefficients  at  the  reflec¬ 
tion  point  Qk. 

Da(Q\)  and  D^(Q2)  are  the  attachment  and  the  detachment  coefficients  for  the  creeping  wave-, 
at  points  Qi  QUt  respectively  (sec  Fig. 4(b)),  and  cra  and  aa  are  the  distance  that  a  creeping  wave 
travels  along  the  cylinder  surface,  clockwise  and  counterclockwise,  respectively.  Summation 
over  l  adds  all  multiple  rn circling  creeping  wave  contributions,  whereas  summation  over  p  adds 
•  reeping  wav  with  dih  rent  propagation  constants  (i/p),  and  where  i/p^p  satires  —  0- 

Those  coefficient*  arc  found  to  be 
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Figure  5:  The  asymptotic  solutions  oj  order  zero,  one  and  two 


Results  show:;  in  Fig.5  were  found  to  be  sufficiently  accurate  with  three  terms  of  Eq.15  - 
specially  in  the  forward  and  backscattering  regions.  Results  can  be  improved  slightly  by  in-  luding 
more  poles  in  the  Watson  series.  Near  the  shadow  boundary  additional  corrections  are  required[4]. 
For  larger  cylinders  it  is  expected  that  more  poles  will  be  necessary. 
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Abstract 

This  paper  describes  an  efficient  computer  algorithm  to  predict  accurate 
three-dimensional(3-D)  backscattering  RCS  levels  from  a  piecewise  con¬ 
tinuous  contour  on  a  planar  surface  utilizing  simple  two-dimensional(2-D) 
scattered  field  formulations.  The  contour  can  be  defined  by  any  localized 
discontinuities  such  as  small  step,  slit,  groove,  dielectric  filled  gap.  bump, 
impedance  discontinuity,  conducting  wedge,  and  coated  wedge.  This  tech¬ 
nique  utilizes  a  simple  geometrical  deformation  of  the  piecewise  continuous 
contour  on  the  scattering  object  so  that  available  2-D  scattered  field  formu¬ 
lations  can  be  directly  applied.  The  2-D  field  formulations  can  be  obtained 
from  high-frequency  asymptotic  techniques  or  2-D  full  wave  analyses.  The 
technique  has  been  validated  with  other  known  analytic  solutions  and  ex¬ 
tensive  measurements.  The  main  advantage  of  this  technique  is  in  its  sim¬ 
plicity,  computational  efficiency,  and  its  vast  application  to  many  practical 
complex  3-D  scattering  problems. 


Introduction 

In  recent  years  many  asymptotic  or  numerical  techniques  Were  uOCel 
oped  to  predict  RCS  levels  from  steps,  gaps,  and  cracks  on  a  planar  sur¬ 
face  or  flat  plate  edges.  lowever,  theii  applications  are  still  limited  to  the 
simple  2-D  geometries  or  only  perfectly  conducting  materials  due  t.o  lack 
of  3-D  diffraction  coefficients  or  too  many  unknowns  for  matrix  inversion. 
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Recent  developments  using  Incremental  Length  Diffraction  Coefficient(PO 
ILDC,  PTD  ILDC,  GTD  ILDC)  techniques[l,2,3]  showed  significant  im¬ 
provement  in  scattering  prediction  from  a  piecewise  continuous  contour  on 
a  planar  surface.  However,  the  applications  of  the  ILDC  techniques  are 
still  limited  to  perfectly  conducting  scatterers  due  to  the  lack  of  diffraction 
coefficients  for  noumetallic  materials.  The  new  technique  in  this  paper  cal¬ 
culates  the  3-D  backscattering  RCS  directly  from  the  2-D  scattered  field 
of  the  contour  on  a  planar  surface  through  the  staircase  deformation  of 
the  geometry.  In  the  past  a  similar  approach  has  been  used  by  Sikta  et 
al  [4]  to  represent  a  general  shaped  plate  with  a  series  of  strips.  However, 
their  Equivalent  Current  Method(ECM)  approach  requires  formulation  of 
equivalent  electric  and  magnetic  currents  and  actual  summation  of  the 
scattered  field  from  infinitesimally  small  strips  along  the  edge  to  calculate 
total  backscattered  field.  The  new  approach  does  not  require  actual  inte¬ 
gration  or  summation  along  the  piecewise  section  of  the  contour  in  that 
the  integration  along  the  piecewise  section  is  carried  out  through  the  an¬ 
alytical  evaluation.  Another  key  feature  is  the  computationally  efficient 
use  of  2-D  scattered  field  from  localized  discontinuities.  The  2-D  scattered 
field  may  be  obtained  by  moment  methods,  finite  element  techniques,  or 
high-frequency  asymptotic  techniques. 


Uniform  Field  Integration  Method. 

This  paper  describes  an  efficient  com;  "tational  technique,  which  is  re¬ 
ferred  to  as  Uniform  Field  Integration  Method(UFIM),  to  predict  accurate 
backscattering  RCS  levels  from  a  piecewise  continuous  contour  on  a  pla¬ 
nar  surface.  The  essential  feature  introduced  in  this  paper  is  that  one  can 
represent  a  piecewise  continuous  contour  in  the  limiting  case  by  a  series 
of  stairs  where  the  stair  step  approaches  zero  and  analytical  evaluation  is 
used  to  carry  out  the  Line  integration.  Figure  1(a)  shows  the  geometry  of 
an  arbitrary  curve  on  a  planar  surface  and  its  deformed  staircase.  The 
figure  also  includes  a  few  typical  characteristics  in  EM  scattering  analyses 
due  to  the  geometry  changes.  Figure  1(b)  shows  a  section  of  a  piecewise 
continuous  contour  on  a  planar  surface  and  its  deformed  staircase  for  the 
UF'IM  calculation.  The  figure  also  includes  a  conventional  ECM  formula- 
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tion[5]  for  the  3-D  scattering  from  a  straight  edge  and  a  simplified  UFIM 
scattered  field  formulation  for  a  deformed  geometry  for  comparison.  Note 
that  the  stair  step  becomes  zero  in  acual  UFIM  calculations  and  the  de¬ 
formed  staircase  approaches  the  original  piecewise  continuous  contour  in 
the  limiting  case.  This  deforming  process  actually  converts  the  original 
scattering  problem  for  a  piecewise  continuous  contour  into  a  simple  2-D 
scattering  geometry  which  can  be  readily  solved  by  available  2-D  scattered 
field  formulations.  To  justify  the  UFIM  approach  three  stair  models  with 
different  step  sizes  were  tested  and  the  uniform  scattered  fields  from  the 
deformed  geometries  were  compared  with  the  conventional  3-D  Equiva¬ 
lent  Current  Method(ECM)  results.  Figure  2(a)  shows  the  test  model  of 
a  square  conducting  plate(dash  line)  and  a  deformed  staircasc(solid  line). 
Figures  2(b),  2(c),  and  2(d)  show  the  elevation  RCS  patterns  for  the  step 
sizes  of  0.25A,  CI.IA.  and  0.05A,  respectively.  The  solid  line  indicates  the 
RCS  patterns  for  he  staircase  model  and  the  dash  line  indicates  that  of  3- 
D  ECM  model.  The  comparison  clearly  shows  the  RCS  pattern  converges 
to  the  3-D  ECM  results  as  the  step  size  is  reduced. 

A  computer  code  has  been  developed  using  this  technique(UFIM)  and 
validated  with  other  known  analytic  solutions  such  as  PTD  and  ECM  for  a 
conducting  flat  plate.  Figure  3(a)  shows  the  geometry  of  a  flat  conducting 
plate  and  and  the  conical  RCS  pattern  coordinate  system.  Note  that  8P 
is  the  half  cone  angle  of  the  conical  pattern  measured  from  the  surface 
normal.  Figures  3(b),  3(c),  and  3(d)  show  the  comparison  of  the  conical 
RCS  patterns  between  the  UFIM  results  and  the  conventional  PTD  results 
for  6p  =  30°,  50°,  and  70°,  respectively.  The  comparison  showed  excellent 
agreement  between  two  different  approaches.  Figures  show  only  the  half  of 
the  pattern  shapes  because  of  the  symetrical  nature  of  the  test  geometry. 
The  comparison  shows  that  the  UFIM  approach  is  as  accurate  as  the  con¬ 
ventional  PTD  approach  for  the  perfectly  conducting  scattering  objects. 
The  UFIM  predictions  were  also  compared  with  extensive  measurement 
for  continuous  steps  on  a  planar  surface.  Figures  4(a)  and  4(b)  show  Az¬ 
imuth  RCS  patterns  for  a  (J.l  cm  straight  step  and  a  0.1  cm  serrated  step 
on  a  planar  surface  at  18  GHz,  respectively.  The  results  reveal  good  agree¬ 
ment  between  the  theoretical  UFIM  prediction  and  measurements.  The 
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UFIM  predictions  were  compared  with  extensive  measurements  for  other 
frequencies  and  all  showed  very  good  agreements. 


Conclusions 

An  efficient  computational  technique(UFIM)  has  been  developed  to  pre¬ 
dict  the  backscattering  RCS  levels  for  any  piecewise  continuous  contour  on 
a  planar  surface  utilizing  available  two-dimensional  scattered  field  formu¬ 
lations.  The  predicted  RCS  data  were  compared  with  measured  data  and 
the  comparison  showed  very  good  agreements.  In  this  paper  this  technique 
was  applied  to  the  pie  ewise  contours  on  a  planar  surface.  However,  the 
application  of  this  technique  can  be  extended  to  the  contours  on  a  curved 
surface  using  CAD  generated  input  geometry. 

The  UFIM  technique  is  computationally  efficient  and  very  simple  to 
apply  to  many  practical  RCS  problems. 
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ARBITRARY  CURVE  DEFORMED  STAIRCASE 


CONVENTIONAL  APPROACH  UF1M  APPROACH 


•  Requires  3  D  analytic  solution  (or  •  Deform  the  contour  nl  the  scattering 

the  PCS  prediction.  object  so  that  Z  D  scattered  Held 

can  be  directly  applied  for  the  3-D 
PCS  prediction. 

•  Requires  a  known  expression 

for  the  equivalent  currents  or  .  No  specific  knowledge  of  the  currents 

incremental  length  diffraction  nr  diffraction  coefficients  is  required, 

coefficients. 

•  Not  limited  to  a  particular  enelytic  solution. 


Figure  1(a).  Staircase  deformation  of  an  arbitrary  curve. 


Figure  Kb).  Deformation  of  a  piecewise  section  of  a  contour. 
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ABSTRACT 

Here,  we  describe  numerical  modeling  of  the  wave  fields  produced  by  complex  quasioptic 
elements.  The  parabolic  equation  method  and  exact  transparency  boundary  conditions  are  used 
in  the  computational  algorithm.  The  computer  code  provides  global  field  visualization  using 
color  graphics. 

In  many  branches  of  electromagnetic  theory  it  is  desirable  to  have  a  detailed  visual 
representation  of  the  wave  field  produced  by  an  optical  orquasioptical  system  being  designed  or 
used  in  experiments.  The  most  popular  approach  to  the  field  calculation  is  based  on  approximate 
Fresnel-Kirchlioff  diffraction  theory  describing  spatial  field  distribution  in  terms  of  an  integral 
transformation  of  its  boundary  values  over  the  aperture.  In  the  paraxial  approximation,  the 
Fresnel  transformation  arises. 

Along  with  the  well  known  advantages,  this  method  has  essential  limitations  and  weak 
points.  The  first  we  mention  here  is  that  the  obstacles  are  considered  as  plane  screens  with 
transparent,  semi-transparent  or  phase  shifting  openings.  It  is  difficult  to  treat  adequately  real 
dielectric  elements  as  lenses,  thick  diffraction  gratings  or  Fresnel  zone  plates  within  the 
framework  of  the  Kirchhoff  approximation.  Another  shortcoming  is  a  comparatively  long  time 
needed  for  detailed  field  calculation  over  a  chosen  computational  mesh. 

We  suggest  another  computational  approach  using  the  Leontovich-Fock  wave  parabolic 
equation  (WPE)  1 1  ] .  In  is  well  known  that  the  Fresnel-Kirchhoff  integral  is  nothing  but  an  exact 
solution  of  the  WPE  governing  the  slowly  varying  amplitude  u(x,y,z)=E(x,y,z)exp(  ikz)  of  a 
paraxial  wave  packer  in  free  space.  Nevertheless,  for  calculating  the  field  distribution  in  a 
considerable  volume,  lie  straightforward  numerical  integration  of  the  WPE  is  often  much  more 
effective.  Moreover,  in  contrast  to  the  Kirchhoff  approximation,  the  parabolic  equation  method 
can  be  used  for  the  field  calculation  in  the  presence  of  (and  inside)  dielectric  insertions.  If  the 
complex  dielectric  permittivity  eps  =  1  +  alph(x/a,y/a,z/b)  satisfies  the  conditions:  kbalpli  1,  ka 
/b  1,  a  modified  WPE  arises  that  can  be  solved  by  numerical  methods. 

The  parabolic  equation  method  as  a  powerful  computational  tool,  proposed  by  G. 
Malyuzhinets  [2]  and  rediscovered  by  F.  Tapped  (3J,  has  been  developed  rapidly  in  recent  years. 
We  use  the  finite  difference  method  for  solving  the  WPE.  In  order  to  reduce  the  2D  problem 
posed  in  the  half-space  z  >  0  to  a  semi-strip  y<A,  z>0  we  employ  the  exact  absorbing  boundary 
conditions  derived  in  [4J.  For  an  axially  symmetric  problem  in  three  dimensions,  the  boundary 
condition  can  be  proposed  that  provides  full  transparency  of  an  arbitrarily  chosen  cylindric 
boundary  r  =  A  surrounding  all  the  dielectric  insertions. 
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The  developed  computer  code  calculates  the  complex  wave  amplitude  u(y,z)  or  u(r,z) 
starting  from  the  initial  values  u(0,z)  and  taking  into  account  all  the  refractive  and  diffractive 
optical  elements.  The  resulting  wave  field  is  visualized  by  means  of  color  graphics  in  any 
chosen  cross-section  of  the  wave  beam.  We  demonstrate  examples  of  the  calculated  field 
intensity  distributions  produced  by  focusing  lenses  and  various  types  of  the  zone  plates.  The 
algorithm  can  be  used  for  a  wide  frequency  range  of  EM  waves  -  from  microwaves  up  to  the 
X-ray  region. 
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ABSTRACT 

We  discuss  the  utility  of  symbolic  computer  languages  in  the  context  of  optical  fiber  analysis.  The 
symbolic  Mapping  command,  for  example,  is  useful  whenever  a  series  expansion  approach  is  used  in 
eigenvalue  problems  if  the  basis  functions  are  intertable  in  closed  form.  We  show  how  this  command 
allows  a  simple  but  accurate  evaluation  of  single-mode  fiber  parameters  in  most  cases  of  practical  interest. 
The  Krplacemrni  command  is  also  demonstrated  in  tracking  the  variation  of  fiber  operational  parameters 
as  a  function  of  the  V-parameter.  The  saving  in  CPU  time  is  substantial. 

I.  Ipfrvdurttoa 

This  paper  addresses  the  utility  and  power  of  symbolic  computer  routines'  in  the  modeling  of  weakly 
guiding  optical  waveguides.  The  tools  that  are  discussed  are  of  general  interest.  Indeed,  the  use  of  series 
expansion  solutions  is  known  to  yield  excellent  results  if  the  basis  functions  are  properly  cboeen.  We  think 
that  the  utility  of  symbolic  routines  is  being  overlooked  in  these  cases.  Our  examples  show  how  to  apply 
some  of  the  tools  that  are  available. 

To  demonstrate  the  issues,  we  concentrate  on  Galerkin's  method  of  analyzing  nonuniform  optical 
waveguides  using  Laguerre-Gauss  basis  functions.2  The  method  yields  the  propagation  constant  and  the 
series  expansion  approximation  to  the  electromagnetic  field  for  the  mode  in  question.  The  utility  of 
symbolic  programming  is  demonstrated  in  evaluating  (1)  the  matrix  elements  that  are  called  for  by  the 
method  and  (2)  important  waveguide  parameters  that  depend  on  integration. 

n.  FarmuWwi 

Coosider  a  circular  optical  fiber  having  an  arbitrary  refractive  index  n(r )  in  the  fiber  core  (r  <  b).  The 
wave  equation  is 


where  y(r)  i=>  uic  scalar  wave  function,  k  is  the  free  spice  wavenumber,  n.  is  the  unknown  effective  index 
for  the  mode  (the  single  most  important  parameter),  and  m  is  tbe  modal  parameter  that  d>  scribes  the 
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azimuthal  variation  of  (be  field.  We  have  assumed  that  the  electromagnetic  field  of  the  form 

*  ■  •«  {rssl  m 

where  0  =  knw.  Let 

V  -  ki,  Jt,  V ,  O) 

where  n,  is  the  max  imam  refractive  index  in  the  fiber  core  and  A  is  the  refractive  index  contrast.  Equation 
(1)  can  be  normalized  by  defiring  the  parameters. 


R  -  r{b ,  X  -  VR 2, 

«*r>  - 


W*(«)  - 


■’  -  *3 


and 


£  • 


-  «? 

»?  ' 


(4) 


(5) 


<« 


n;  is  the  refractive  index  of  the  uniform  rladrUng  md  B  l  the  normalized  propagation  constant,  which  is 
very  sensitive  to  errors  in  calculation.  Equation  (1)  then  i 


(7) 


*  §  *  «  * ♦  *  0 


We  expand  the  field  in  terms  of  M  Laguerre-Gauss  basir  functions. 

T(X)  -  V  a,  ♦,(*), 


wDere  a,  am  to  be  detenaiued  and 

♦,<*) 


X  a 

T  vz 


a  1  X  1  L,m(X). 


(«> 


(*) 


N  (■•  -  *)! 

L “  is  the  associated  Laguerre  polynomial.  The  basis  functioos  are  oormalined  so  that 
/♦,(* :)*,(,X)dX  -  6,J . 

9 

Substituting  Eq.  (S)  into  (7)  and  multiplying  the  result  by  ^  and  then  integrating  over  all  space,  we  get 


(10) 
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V 

+  E  «,  /  N\x)  -  0. 

1  0 


The  choice  of  L&guerre-Gauss  basis  functions  has  distinct  advantages.  They  form  a  complete  set  that 
satisfies  the  boundary  conditions  at  the  origin  and  at  infinity,  and  they  are  everywhere  continuous  with  a 
continuous  derivative;  they  axe  valid  over  the  entire  range  of  interest;  they  are  computationally  simple; 
*nu,  finally,  they  match  the  field  very  well  and,  hence,  represent  a  good  choice  for  the  basis  functions. 

Equation  (11)  has  the  form 

[A  -  /B][a]  -  0.  (12) 

where  A  is  a  square  M  x  M  matrix  and  B  is  a  diagonal  matrix.  The  eigenvalues  of  A  are  the  values  of  B 
for  which  we  can  find  vectors  a,  (eigenvectors)  such  that  Eq.  (1 1)  is  satisfied. 

The  problem  is  thus  reduced  to  finding  the  eigenvalues  and  the  eigenvectors  of  the  matrix  A.  The  method 
yields  M  eigenvalues  but  since  the  guided  modes  must  have  eigenvalues  between  0  and  1,  the  acceptable 
values  of  B  must  be  in  (hat  range.  Having  the  ttgcnv'McS  and  associated  eigenvectors,  we  can  use  Eq. 
(8)  to  approximate  the  field.  The  accuracy  of  the  results  depends  on  the  number  of  terms  used  and  on  the 
precision  of  the  integration  in  Eq.  (11),  The  integration  is  over  only  the  core  area. 

ID.  APPLICATION 

The  initial  task  is  to  evaluate  the  terms  that  go  into  the  matrix  A.  Only  the  last  term  on  the  left  side  of  Eq. 
(11)  presents  a  computational  problem.  That  term  contributes  to  every  element  of  the  matrix,  so  M 2 
integrals  must  be  evaluated.  For  optical  waveguides  of  practical  interest,  M  is  often  less  than  F '. 
Symmetry  arguments  can  be  used  to  approximately  halve  the  integration  task  but  there  are,  neverthele.*  , 
on  the  order  of  50  integrals. 

Symbolic  programming  can  be  used  to  simplify  the  task  considerably  for  all  cases  of  practical  interest.  In 
particular,  if  N\X)  is  a  polynomial  in  X  or  if  it  can  be  approximated  as  a  polynomial  in  Xt  a  symbolic 
Mapping  routine  can  be  used  to  avoid  integration.  The  simplification  comes  about  because 

r 

fX'a p(-X)</X  -  r(l  *«)  -  r(l-.?,K>,  (13) 

0 

where  r(l  +q)  is  the  Euler  gamma  function  and  T(1  +  q,V)  is  the  incomplete  gamma  function,  uxh  tie 
available  as  library  fimc-tioDS  on  meat  machines  and  can  be  evaluated  as  precisely  as  desired. 

The  last  term  oo  the  left  side  of  Eq.  (1 1)  has  precisely  this  form  for  every  value  of  i  since  L~{X)  is  itself 
a  polynomial.  The  integral  can  thus  be  evaluated  exactly  using  the  symbolic  Mapping  routine,  as  follows. 
Define  the  mapping  pattern  i  (CF)  according  to  Eq.  (13) 
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C(r<i*4)  -  ru*g.V)) 


(14) 


wine  C  is  *  constant  and  q  is  a  teal  integer.  Note  that  the  exponential  tens  is  not  included  because  it 
appeals  in  the  same  form  in  even  term  of  the  expansion  tad  can,  therefore,  be  suppressed.  The  integral 
can  then  be  evaluated  as  follows: 

1.  Expand  the  expression  (see  Eq.  (11)) 


/(X)  -  (X) 


X"  L‘(X)Ljm(X). 


(IS) 


This  will  be  a  summation  of  terms,  each  of  which  is  of  the  form  C,  X ',  wbeie  C,  is  a  constant. 

2.  Invoke  the  symbolic  Mapping  eo  nmand 

D(>/m  -  (16) 

where /is  (be  exptnskxi  obtained  in  step  1 .  Py[V]  it  (be  contribution  to  A  coining  from  the  last  term  on 
the  left  side  of  Eq.  (11).  The  Mapping  command  examines  each  element  of  tbe  series /an d  then  uses  the 
rule  established  by  uu  in  Eq.  (14).  It  examine*  every  term,  determines  (be  multiplying  constant  Cn  and 
tbe  exponent  q,  and  returns  a  value  according  to  tbe  definition  of  int. 

We  have  conducted  teats  to  determine  the  saving  in  CPU  time  when  using  tbe  Mapping  command  rather 
than  doing  the  integration  for  a  step  index  fiber,  for  which  N\X)  —  1 .  The  test  was  conducted  on  a  12.5 
MIPS  machine  for  the  fundament  mode  (m  -  0.  which  is  the  most  important  case)  for  a  step  index  fiber. 
Results  are  given  in  Table  1.  The  simplification  due  to  fiber  symmetry  was  not  invoked  in  this  test. 

Most  symbolic  programs  treat  integrals  in  the  following  ways.  If  the  integration  can  be  done  in  closed 
form,  the  exact  closed-form  solution  is  used  to  evaluate  the  integration.  A  numerical  integration  will  not 
be  dene  unless  it  is  specifically  asked  for.  If  the  limits  of  integration  are  fixed  bait  unevaluated,  the 
program  will  return  the  result  is  dosed  form,  if  possible,  but  tbe  unevaluated  limit  will  appear  in  the  result. 
Thus,  it  is  convenient  to  let  V  in  Eq.  (1 1)  be  variable  (unevaluated).  It  is  that  unevaluated  form  of  the 
integration  that  is  compared  to  the  symbolic  Mapping  routine  in  Table  1. 

Leaving  V  unspecified  allows  evaluation  of  B  as  a  function  of  V.  Consider  a  linear  fiber  taper,  for 
example,  where  the  fiber  radius  a  changes  linearly  with  z.  It  is  of  interest  to  track  the  variation  of  B 
through  the  fiber  taper.  We  assume  that  the  fiber  contrast  remains  fixed.  In  that  case,  V  changes  in  direct 
proportion  to  tbe  change  in  a.  Tbe  values  of  B  can  be  found  ns  a  function  of  V  by  leaving  V  undefined 
when  establishing  tbe  matrix  A  and  then  using  tbe  symbolic  Replacement  command.  Thus,  for  V  «  3,  for 
example, 

Bymi  -  Eigenvalues  [A  f.  K-3  ] .  (17) 

Tbe  symbolic  Replacement  (designated  /.  in  this  equation)  calls  for  all  terms  to  be  evaluated  for  V  =  3. 
Equation  (17)  returns  the  eigenvalues  (values  of  B)  for  V  *  3  and  stores  them  at  address  By.).  The  matrix 
A  remains  a  function  of  V  after  Eq.  (1 7)  is  invoked  so  tbe  operation  can  be  repeated  for  other  values  of 
V.  Thus,  tbe  integration  is  dooe  only  once  but  with  V  as  a  variable.  The  matrix  A  is  then  available  as  a 
function  of  V.  The  Replacement  command  is  a  vehicle  to  perform  "what  if  tests  on  the  result. 

This  procedure  can  also  be  used  to  track  mode  loss  and  mode  conversion  as  functions  of  position  in  a  taper. 
In  that  case  tbe  taper  is  replaced  by  a  series  of  step  discontinuities  and  the  loss  and  mode  conversion  are 
determined  ft  each  of  tbe  steps.  The  overlap  integral  is  required  at  each  of  the  step  discontinuities.  This 
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is  discussed  further  below. 


The  relative  speed  of  the  symbolic  Replacement  command  was  tested  in  the  following  way.  We 
oooofcotrated  oo  the  integral  term  of  Eq.  (1 1)  and  we  evaluated  that  integral  contribution  to  the  matrix  A 
for  3  values  of  V.  We  evaluated  it  in  the  following  two  ways.  (1)  The  contribution  to  the  matrix  was 
established  using  the  Mapping  command  with  V  left  unevalualed.  The  Replacement  command  was  then 
used  to  evaluate  the  contribution  for  3  values  of  V.  Values  of  V  between  3.0  and  3.4  were  used.  (2)  The 
contribution  to  the  matrix  was  evaluated  for  the  3  values  of  V  using  the  Mapping  command  3  times.  The 
results,  given  in  Table  2,  are  not  surprising.  The  timing  ratio  of  3  corresponds  to  the  fact  that  3  values 
of  V  were  used.  Thus,  in  the  first  method  the  Mapping  command,  which  establishes  the  form  of  the 
contribution,  is  invoked  only  once.  The  same  Mapping  command  was  used  3  times  in  the  second  method. 
The  results  show  that  the  Replacement  command  is  very  fast  indeed.  Once  the  matrix  was  established,  it 
required  very  little  time  to  evaluate  the  terra  using  Replacement.  Thus,  while  the  Mapping  command 
offers  considerable  simplicity  over  numerical  integration,  even  more  simplicity  is  introduced  when  the 
Mapping  command  is  combined  with  the  Replacement  to  find  the  variation  of  B,  for  example,  with  V. 

Fiber  dispersion,  which  is  a  function  of  dn,ldVt  limits  the  bandwidth  of  the  fiber  and,  hence,  is  of 
considerable  interest.  Dispersion  can  be  determined  numerically  through  the  use  of  the  Replacement 
command  using  it  to  determine  tv,  in  tha  vicinity  of  the  V  of  interest  to  find  the  approximate  numerical 
derivative  and,  from  that,  fiber  dispersion. 

The  Mapping  routine  is  also  useful  in  determining  other  fiber  parameters  such  as  modal  spot  size  or  mode 
field  radius  (MFR),  Two  definitions  are  important.  The  first  determines  splice  loss  arising  from  tilt  offset 
and  is  designated  defined  implicitly  as 

2  J  T1  (f)  r2  rdr 

Wi  -  -  -S -  (18) 

J  f1  W  r  dr 

0 


The  secood  definition  is  important  m  determining  splice  lots  due  to  transverse  fiber  o fleet.  It  is  also  a 
determinant  of  fiber  dispersion;  for  this  reason,  it  is  designated  Wd1  where 


wi 


2  jV(r)r<ir 


(19) 


According  to  Eq.  (8),  ♦(r)  is  the  product  of  a  polynomial  in  r  and  the  Gaussian  function.  The  derivative 
that  appears  in  W4  is  therefore  also  the  product  of  a  polynomial  in  r  and  the  Gaussian  function.  The 
evaluation  of  W0  and  W4  will  thus  require  the  evaluation  of  a  series,  each  term  of  which  has  the  form 
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(20) 


Tk>  evaluation  of  spot  size  can  be  accomplished  without  numerical  integration  by  noting  and  using  the 
pattcm-matchijig  (Mapping)  algorithm  suggested  above.  The  procedure  is  as  already  described  but  now 
the  pattern  (inf)  is  given  as 


u*{Cr<] 


(21) 


The  term  b  that  appears  here  is  the  fiber  core  radiu«.  We  revert  to  the  variable  r  rather  than  X,  use  Eq. 
(8),  supj  ess  the  exponential  term,  and  expand  the  integrand  is  each  of  these  expressions.  We  then  invoke 
the  Map  ping  command  as  given  in  Eq.  (16).  Every  term  in  the  series  is  evaluated  from  the  pattern  (or 
form)  of  that  term  as  established  by  ini  rather  than  by  resorting  to  term-by-term  integration.  In  this  sense, 
the  Mapping  command  might  be  called  a  transform  or  form-matching  algorithm. 

Splice  loss  between  dissimilar  fibers  or  Iocs  and  mode  conversion  in  a  tapered  fiber  can  be  handled  in  a 
similar  fashion-  The  overlap  integral,  which  represents  mode  coupling  between  fiber  modes  i  and  j  under 
weakly  guiding  conditions,  is 


f  Ti.  Vi.  Tit  .  P2> 


V  represents  the  electromagnetic  field  of  the  ith  mode  and  the  subscripts  k-  and  k  +  indicate  evaluation  on 
either  side  of  step  k.  If  the  expansion  is  in  terms  of  the  same  basis  functions  on  either  side  of  the 
discontinuity,  evaluation  of  this  integral  reduces  to  evaluating  the  inner  product  of  the  eigenvectors.  In 
syn  olic  nomenclature, 

K')*l«/.|] .  (23) 


where  [r^1]  is  the  set  of  eigenvectors  associated  with  the  expansion  of  the  ith  mode  and  the  dot  represents 
inner  or  dot  product.  Subscript  k  is  associated  with  evaluati:  ’  at  k-  and  subscript  k+ 1  is  associated  with 
evaluation  at  k+ .  Evaluation  of  the  dot  product  is  very  fast  id  explicit  integration  is  not  required. 

V.  Conclusions 

Symbolic  programming  routines  when  used  in  conjunction  with  Laguerre-Gauss  basis  functions  are  seen 
to  be  useful  in  evaluating  some  of  the  important  single-mode  fiber  parameters.  Parameters  that  require  the 
integration  of  the  modal  field  over  the  fiber’s  transverse  cross  section  or  over  an  infinite  cross  section  can 
be  handled  easily  using  the  symbolic  Mapping  command  in  most  cases  of  practical  interest.  Overlap 
integrals,  for  example,  are  amenable  to  this  approach.  Toe  Rcpiu<*meru  command  is  useful  in  performing 
'what  if  tests  or  in  tracking  operational  parameters  as  a  function  of  V. 
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Abstract 

The  numerical  solution  for  the  Electric  Field  Integral  Equation  (EFIE)  at  low  frequency 
range  is  investigated.  A  version  of  triangular  surface  patch  code  which  solves  the  EFIE  by  the 
method  of  moments  is  modified  to  implement  two  low-frequency  formulations.  The  investigation 
focuses  on  the  stability  of  the  moment  matrix  in  the  low  frequency  range.  The  condition  number 
of  the  moment  matrix  for  the  two  low-frequency  formulations  is  quite  different  for  some  cases. 
Comparisons  are  also  made  with  data  from  the  original  patch  code. 

I.  Introduction 

The  numerical  solution  for  the  Electric  Field  Integral  Equation  (EFIE)  has  been  found 
to  become  inaccurate  in  the  frequency  range  where  the  maximum  dimension  of  the  surface  is 
much  smaller  than  a  wavelength  [1,2).  The  inaccuracy  occurs  at  the  stage  of  evaluating  the 
elements  of  the  impedance  matrix  in  the  moment  method  solution  procedure,  because,  for  the 
mixed  potential  form  of  the  EFIE,  one  observes  that  |  ju>A  j  <  |  V$  |  ,  as  w  -*  0.  Thus,  the 
information  on  the  magnetic  vector  potential  A  is  lost  at  low  frequency,  ar.d  the  remaining 
information  from  the  electric  scalar  potential  is  not  sufficient  to  determine  the  surface  current 
distribution.  Consequently,  the  solution  is  numerically  unstable. 

This  problem  may  be  partially  overcome  by  simply  increasing  the  numeric  precision  used 
in  the  computer  code.  However,  to  obtain  a  stable  EFIE  solution  at  any  frequency,  a  special 
method  of  moments  solution  procedure  must  be  used.  Low-Ecquency  formulations  have  been 
applied  to  rectangular-patch  models,  bodies  of  revolution,  and  triangular  patch  models  in  [1  3]. 
The  two  different  methods  used  in  [1-3]  have  been  applied  to  extend  a  version  of  patch  code  [4] 
to  the  low  frequency  range.  The  modifications  require  the  use  of  different  expansion  and  testing 
functions  that  tend  to  decouple  the  electrostatic  and  magnetostatic  portions  of  the  solution.  The 
Galerldn  testing  procedure  is  used  to  obtain  the  system  of  linear  equations. 

The  two  low-frequency  formulations  are  tested  and  it  is  found  that  the  condition  number 
of  the  impedance  matrix  for  the  different  formulations  is  quite  different  for  some  cases.  The 
results  are  also  compared  with  results  from  the  original  patch  code.  The  outlines  for  the  two 
low-frequency  formulations  are  given  in  section  II,  and  numerical  results  are  shown  in  section 
III.  A  brief  summary  is  provided  in  section  IV. 
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II.  Low-Frequency  Formulations 


The  scattering  problem  of  a  perfectly  electrically  conducting  (PEC)  body  subject  to 
illumination  by  an  incident  plane  wave  can  be  formulated  via  the  EFIE  as 

-  E'IU„  -  [-yuA(r)  -  V4(r)],„  ,  r  on  S  0> 

where  tflan  is  the  incident  electric  field,  A  is  the  magnetic  vector  potential,  art)  v  is  the  electric 
scalar  potertial.  Both  potentials  can  be  expressed  as  functions  of  the  surface  current  [4]. 

Many  method  of  moments  [5]  schemes  have  been  developed  to  obtain  the  numerical 
solution  for  equation  (1).  One  of  these  is  the  triangular  patch  model  [4],  which  is  based  on  a 
method  of  moments  solution  of  the  EFIE  in  conjunction  with  a  planar  triangular  patch  model  of 
the  scatterer  and  a  special  set  of  basis  functions.  In  this  section,  for  completeness,  we  first 
describe  the  basis  function  used  in  the  original  patch  code  [4];  then  the  two  other  vector  basis 
function  sets  that  arc  suitable  for  low-frequency  use  are  described  briefly. 


In  the  method  of  moments  solution  procedure,  the  surface  current  density  J  is 
approximated  as 

j  s  EW1-)  a) 

n-1 


where  N  is  the  number  of  unknowns, 
I,,  is  an  unknown  coefficient  to  be 
determined,  and  u„  is  a  vector  basis 
function.  In  (2)  u„  could  be  either  f„, 
J„c  and  J„d,  or  J„c  and  J„',  as 
described  in  following. 

The  original  vector  basis  function  f„. 
As  defined  in  [4],  fn  is  the  vector 
basis  function  defined  on  pairs  of 
adjacent  triangles  associated  with  n1*1 
edge  as  shown  in  Figure  1  and  given 
by  equation  (3),  where  /„  is  the  length 
of  edge  and  An*  is  the  area  of 
triangle 

To  extend  the  original  patch 

code  [4]  to  the  low  frequency  range, 
vector  basis  functions  are  developed 
based  on  the  ideas  in  1 1-3].  These 
vector  basis  functions  Jn  are  divided 
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into  two  types,  J/  and  either }/  or  Jn‘,  with  the  following  properties  which  make  them  suitable 
for  use  in  the  magnetic  vector  and  electric  scalar  potentials  at  low  frequencies: 

•  J„c  is  associat  interior  nodes  and  is  divergenceless; 

•  Jd  is  associated  with  faces  and  is  curl-free; 

•  J„'  is  equivalent  to  fn,  but  is  only  associated  with  the  interior  edges  of  the  model  that 

lie  along  a  tree  Picture  connecting  the  centroids  of  the  triangular  patches. 

The  combination  of  J„c  and  J„  is  subsequently  referred  to  as  the  divergenceless/curl-free  basis 
function  set,  and  the  combination  of  J„c  and  J„'  is  referred  to  as  the  divergenceless/tree  basis 
function  set.  Each  of  the  basis  functions  Jnc ,  Jnd,  and  J„'  can  be  constructed  as  a  linear 
combination  of  the  vector  basis  functions  f„  defined  in  (3). 

Vector  basis  function  J„°.  Figure  2  illustrates  the  basis  function  J,c  associated  with  an  interior 
node  nL.  J/  has  vector  direction  parallel  to  the  edge  opposite  to  node  nL  on  each  triangle 
attached  to  node  n L,  and  J„‘  forms  a  loop  around  node  n L.  In  Fig.  2(a),  besides  the  edges  which 
are  opposite  node  nL,  all  other  edges  arc  connected  to  node  n7'.  The  currents  at  the  edges 
connected  to  node  r\L  are  the  unknowns  in  the  original  patch  code  and  arc  associated  with  the 
original  vector  basis  functions  i„.  Fig.  2(b)  shows  the  edges  and  local  coordinates  associated 
with  one  of  the  triangles  in  Fig.  2(a). 


In  Fig.  2(b),  if  node  1  corresponds  to  node  rr L  in  Fig.  2(a),  then  Jnc  in  this  triangle  is  parallel 
to  edge  3.  As  indicated  in  [4],  a  constant  vector  of  arbitrary  magnitude  and  direction  within  the 
triangle  may  be  synthesized  by  a  linear  combination  of  two  of  the  original  vector  basis  functions. 
Thus,  in  conjunction  with  the  definition  oi  the  vector  basis  function  in  equation  (3),  a  vector  Vj 
within  the  triangle  of  Fig.  2(b)  can  be  formed  as 
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L,  -  “f, 

‘i 


- 


(4) 


where  f,  and  l2  are  the  lengths  of  edges  1  and  2,  respectively,  and  A  is  the  triangle  area. 
The  basis  function  J„c  in  the  triangle  of  Tig.  2(b)  is  then  defined  to  be 


J„c 


A 


(5) 


This  definition  holds  for  all  triangles  attached  to  interior  node  nL  by  using  the  local  coordinate 
notation  in  Fig.  2(b)  for  each  triangle  attached  to  .  Then  the  basis  function  Jnc  associated  with 
interior  node  is  defined  as 


i 

■X-f- 

y- 1  Ai 


(6) 


where  Nt  is  the  number  of  triangles  attached  to  node  nL,  hJoft  is  the  vector  parallel  to  the  edge 
opposite  to  node  rf'  in  the  f1'  triangle,  and  Aj  is  the  area  of  the  /*"  triangle. 

Vector  basis  function  J^.  The  vector  basis  function  Jnd  associated  with  faces  is  relatively 
simple.  The  associated  with  face  rtf  can  be  constructed  as 


i-l 


(7) 


where  fw  is  the  original  vector  basis  function  associated  with  a  non  boundary  edge  i  of  face  n\ 
and  5m-  is  a  sign  coefficient. 

Vector  basis  function  J^.  The  basis  function  J„'  consists  of  the  fn's  for  the  interior  edges  of 
the  model  that  lie  along  a  tree  structure  connecting  the  centroids  "f  adjacent  triangular  patches. 
The  definition  of  tree  and  branch  for  the  rectangular-patch  model  in  [Ch.K,  6]  is  also  applied 
for  the  triangular  patches  used  here.  Once  a  tree  is  obtained.  J„'  can  be  defined  as 


in 


,  if  edge  k  intersects  a  tree  branch 
0  ,  otherwise 


(8) 


where  ft  is  the  original  vector  basis  function  associated  with  a  non-boundary  edge  k. 

With  these  definitions,  we  use  three  simple  approaches  to  forming  a  complete  set  of  basis 
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functions.  The  surface  current  density  J  is  then  approximated  by  either  of  the  three  basis 
function  sets.  If  the  original  vector  basis  function  f„  is  chosen,  i.e.  the  same  basis  set  as  in  [4], 
then 


N 

J  =  E  1AM 


nm  l 


(9) 


where  N  is  the  number  of  interior  (non-boundary)  edges  in  the  triangular  patch  model.  If  the 
divergenceless/curl-free  basis  function  set  is  chosen,  then 

J  ■  EWM*  £  V/M  (I0) 

n"l  /I'M*! 

where  is  the  number  of  interior  nod'  and  N  -  +  1  is  the  number  of  faces  in  the 

triangular  patch  model.  If  the  divergenceless/tree  basis  function  set  is  chosen,  then 

J  =  LWM  *  £  U»  (H) 

"■l  n-V'-'H 

where  N  -  if*  is  the  number  of  tree  branches  in  the  triangular  patch  model. 

With  a  Galerkin  testing  procedure,  the  impedance  matrices  for  these  cases  may  be 
represented  as 


^orig  "  *  <V*,Jm> 


(12) 


Zd/e  ’  /“ 


<VJ  m> 


<V,Jm£> 


ju> 


(13) 


<A„C,V>  <A„',V> 

JU 


(14) 


where  the  subscript  on  7.  denotes  the  basis  and  testing  function  type,  and  <  >  denotes  the 
symmetric  product.  Equation  (12)  uses  ine  original  basis  and  testing  functions;  equation  (13) 
uses  the  divergenceiess/curl-frce  basis  and  testing  functions;  and  equation  (14)  uses  the 
divergencelcss/tree  basis  and  testing  functions. 
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If  one  compares  equations  (13)  and  (14)  with  (12),  it  is  evident  that  the  magnetic  vector 
potential  contribution  to  the  elements  of  the  impedance  matrix  appears  alone  in  the  upper  potions 
of  Xilc  and  Zd/t  is  not  lost  in  comparison  with  fa®.  We  also  note  that  the  low-frequency 
formulations  described  in  this  section  are  valid  in  principle  at  any  frequency. 

111.  Numerical  Results 


The  two  low-frequency  vector  basis  functions  described  in  section  II  have  been 
incorporated  in  a  version  of  patch  code  [4],  and  several  structures  have  oeen  studied  over  a  wide 
frequency  range.  Numerical  results  are  presented  in  this  section  comparing  the  condition 
numbers  of  the  impedance  ,natrix  and  current  distributions  obtained  using  the  different 
approaches.  All  scatterers  studied  arc  modeled  by  triangular  patches  and  subject  to  illumination 
by  an  incident  plane  wave. 


The  first  example  is  a  flat  square  platr 
scatterer,  as  shown  in  Fig.  3(a).  Th 
condition  number  obtained  for  the  impedanci 
matrix  using  the  original  basis  functions  is 
found  to  start  oscillating  wildly  when  LiX  is 
smaller  than  10'7,  while  the  condition 
numbers  obtained  using  the 
divergenceless/tree  basis  functions  is  an  order 
of  magnitude  better  then  that  using  the 
divergenceless/curl-free  basis  functions,  but 
both  are  essentially  constant  as  a  function  of 
frequency  for  UX  <  10'2,  The  absolute 
value  of  the  real  and  imaginary  parts  of  the 
current  coefficient  for  edge  8  in  Fig.  3(a)  is 
shown  in  Fig.  3(b).  Good  agreement  is 

observed  for  the  real  part  of  current  using  two  the  low-frequency  formulations;  however,  the 
result  obtained  using  the  original  basis  functions  falls  apart  at  the  frequency  where  the  impedance 
matrix  becomes  unstable.  Alio,  the  imaginary  part  of  the  current  for  the  divergenceless/ tree 
approach  becomes  inaccurate  for  L/X  less  than  10  7.  Numeric  underflows  occur  in  the 
computation  in  the  latter  case,  but  it  is  not  clear  that  the  underflows  are  the  direct  cause  of  the 
accuracy  loss. 


The  next  example  is  a  long  narrow  (L=30W)  strip  which  is  bent  to  form  a  square,  open 
loop,  as  shown  in  Fig.  4(a).  Results  for  the  condition  number  in  this  case  are  similar  to  that  of 
the  previous  case,  except  that  the  condition  number  for  the  divergenceless/tree  procedure  is 
about  three  orders  of  magnitude  better  th-n  that  of  the  divergenceless/curl-frec  procedure  as, 
shown  in  Fig.  4(b).  The  results  for  the  current  on  one  of  the  edges  shows  behaviour  similar  to 
that  of  Fig.  3(b).  Results  obtained  in  some  other  cases,  however,  indicate  that  the  imaginary 
part  of  the  current  obtained  with  the  divergenceless/curl-free  approach  may  also  become 
inaccurate  at  very  lov.  frequencies.  The  real  part  (magnetostatic  part)  of  the  current  seems  to 
always  be  stable  for  both  low-frequency  formulations. 
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Fig.  3(b) 

IV.  Summary 

Two  alternate  vector  basis  functions  described  in  section  II  have  been  implemented  in  a 
version  of  the  triangular  patch  code  [4]  to 
extend  its  usefulness  to  the  low  frequency 
range.  Numerical  results  are  presented  for 
different  structures  over  a  wide  frequency 
range.  The  condition  numbers  of  the 
impedance  matrix  and  computed  current 
values  as  a  function  of  frequency  are 
presented  to  illustrate  the  improvement  of 
the  EF1E  solution  in  the  low-frequency 
Tange.  While  good  results  have  generally 
been  obtained,  the  investigation  has 
revealed  that  further  work  may  be  nrcessary 
to  ensure  accurate  results  for  the  imaginary 
part  of  the  induced  current 


Fig.  4(a) 
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INTRODUCTION 

There  is  considerable  evidence  that  extremely  low  frequency  (ELF)  magnetic  fields  interact  with 
biological  systems.  That  evidence  has  emerged  from  studies  with  laboratory  animals  and  biological 
cells.  The  mechanisms  of  these  interactions  remain  elusive.  The  critical  parameters  of  exposure 
responsible  for  the  interactions  still  remain  to  be  defined.  At  least  some  biological  experiments  indicate 
that  induced  electric  fields  or  currents  are  responsible  for  the  interactions.  One  of  the  important  research 
needs  is  modeling  of  the  induced  electric  fields  and  currents  in  various  cell  preparations.  It  is  rather 
elementary  to  evaluate  ’i-ese  parameters  in  low  density  cell  suspensions.  But  to  model  cells  growing  in  a 
monolayer  and  forming  a  confluent  colony,  as  well  as  to  compute  the  fields  at  subcellular  structures  are 
difficult  and  demanding  tasks. 

The  three-dimensional  impedance  method  has  been  successfully  used  to  compute  the  induced 
fields  and  currents  in  heterogeneous  models  of  man  and  animals  in  low  frequency  electric  and  magnetic 
fields.  This  paper  explores  this  method's  utility  in  raicrodosimerry  (i.e.  dosimetry  on  cellular  and 
subcellular  level).  The  main  limitation  arises  from  conflicting  requirements  between  the  required 
resolution  to  represent  geometrical  anti  electrical  complexity  of  a  cell  and  cell  colonies  and  manageability 
of  computations  in  terms  of  memory,  time  and  convergence.  Some  useful  results  that  can  be  obtained 
such  as  an  effect  of  cell  density,  role  of  gap  junctions  in  confluent  cell  monolayer  are  highlighted. 

Computational  technique 

To  evaluate  induced  currents  and  electric  fields  in  models  of  biological  cells  the  three  dimensional 
(3D)  impedance  network  method  is  used  [1,2].  This  is  an  effective  computational  technique  for  magi  tic 
fields  of  sufficiently  low  frequencies,  such  that  the  secondary  magnetic  field  produced  by  the  indu  d 
current  can  be  neglected.  This  conditions  is  satisfied  for  frequencies: 

f«\/H„oL  (1) 

where:  fi0  is  the  permeability  of  free  space,  a  is  the  conductivity  and  L  is  the  largest  dimension  of  the 
geometry  analysed. 

Another  simplifying  assumption  made  is  that: 

a  »  2nfe.'  (2) 

where:  £'  is  the  dielectric  constant  (£  =  f',£o).  At  a  frequency  of  60  Hz  this  condition  is  reasonably 
well  satisfied  even  for  the  membrane,  assuming  its  relative  dielectric  constant  of  the  order  of  3.  This 
simplifying  assumption  needs  further  evaluation  in  view  of  the  membrane  charge  related  relaxation 
phenomena.  The  assumption  given  by  eq  (2)  reduces  the  impedance  network  to  the  resistance  network. 
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When  all  the  loop  equations  are  written  up  they  form  a  system  of  equations  of  the  size  W3 ,  where 
N  is  the  number  of  computational  cells.  That  system  of  equations  is  solved  using  an  iterative  process, 
(in  this  case  the  successive  over-relaxation  technique).  All  modeling  results  reported  are  for  an  arbitrarily 
selected  value  of  the  magnetic  flux  density  equal  to  IT.  The  results  can  be  scaled  linearly  for  other  flux 
densities. 

Cell  models 

In  the  random  mo  slayer  model  biological  cells  are  represented  by  cubical  volumes  of  zero  conductivity. 
Since  cell  membranes  have  the  conductivity  of  the  order  of  10‘5  to  10"7  S/m  such  representation  is 
justified  as  the  first  Older  approximation  [3].  Cells  are  placed  in  a  medium  of  the  conductivity  typical  for 
cell  suspensions,  in  this  case  of  1  S/m.  The  ceLls  are  only  permitted  to  occupy  positions  at  the  bottom  of 
an  exposure  container,  e.g.,  petri  dish.  This  simulates  the  behavior  of  cells  forming  a  monolayer. 

The  cells  and  solute  are  contained  in  a  cylindrical  dish  of  5  cm  diameter.  This  volume  is  modeled 
by  a  102x102x4  cubical  grid,  where  each  biological  cell  occupies  2x2x2  spaces  (0.5mm),  of  the  grid. 
Therefore,  the  monolayer  is  two  grids  thick.  This  subdivision  of  biological  cells  is  necessary  for  correct 
representation  of  their  behaviour  in  the  numerical  algorithm  used.  The  solute  above  the  monolayer  is 
also  two  grids  thick.  Two  representative  threshold  distributions  of  biological  cells  in  the  monolayer  are 
considered  and  cell  densities  associated  with  them  are  estimated.  In  our  model  the  biological  cells  are 
randomly  placed  (placement  generated  by  computer)  but  there  are  restrictions  on  surface  contact  between 
them.  Li  the  first  case,  nc  -  .iiact  between  any  two  cells  is  permitted  resulting  in  17%  cell  density  within 
the  monolayer.  In  the  second  c'se,  cells  can  make  contact  with  other  cells  but  only  at  their  edges.  Cell 
placement : s  also  random  ts  generated  iy  a  computer  algorithm.  The  edge  contact  effectively  obstructs 
the  current  flow. 

Under  this  condition  an  aptuwxinvtte  cell  density  within  the  monolayer  is  34%  .  In  the  .model  of 
" .  a 'll  gap  junctions  biological  cells  we  represented  by  cubes,  a  confluent  monoiaycr  has  the  side 
dimeTiavxt  of  five  biological  cells  (the  total  number  of  cells  25).  The  small  number  of  biological  cells 
■id  i-d  is  due  Tn  computational  limitations.  Since  each  biological  cell  is  subdivided  into  a  relatively 
Ct  .;«*  mmj,'..adonal  grid  (a  large  number  of  divisions)  to  facilitate  modeling  of  membranes  and  gap 
|t.  .  .T.  .s  eve  the  cases  described  result  in  the  number  of  unknowns  approaching  106.  The 
ix-  hi vtoju.1  region  consists  of  61x61x13  grids,  each  10  pm.  The  applied  magnetic  flux  density  is  1  T, 
■>  37  *rd  its  direction  is  perpendicular  to  the  monolayer.  The  gap  junctions  are  placed  in  the  centre  of 
■  I  ’  surfaces  adjacent  to  the  neighbouring  cells.  The  area  of  the  junctions  is  varied  from 
oximately  0.4  to  5%  of  the  total  surface  area  of  the  membrane.  The  conductivity  is  varied  from  10~2 
u,  1  S/m.  The  selected  parameters  of  the  model  gap  junction  are  representative  of  those  reported  for 
actual  gap  junctions,  i.e.  conductivity  up  to  1  S/m  and  surface  area  up  to  3%  [4] 

Results  and  Discussion 

The  induced  current  density  pattern  in  a  cylindrical  dish  filled  with  cells  in  suspension  forming  a 
monolayer  closely  resembles  that  of  the  same  dish  filled  with  the  medium  (solute)  for  relatively  low  cell 
densities.  When  the  density  increases  to  the  value  at  which  ceils  can  come  in  contact  with  each  other,  the 
current  density  pattern  is  no  longer  defined  by  the  dish  geometry  but  depends  solely  on  the  spatial 
distribution  of  me  cells  .  For  a  dense  (but  not  confluent)  monolayer  of  cells  the  current  density  pattern  in 
the  solution  jus.  above  the  monolayer  mimics  to  a  large  extent  the  pattern  in  the  monolayer.  At  larger 
distances  above  the  monolayer,  the  current  flow  depends  only  on  the  dish  geometry.  The  average 
current  density  for  a  low  ce'l  density  in  the  monolayer  is  reasonably  close  to  that  predicted  from  the 
mixture  formulae.  Its  higher  value  mostly  reflects  the  fact  that  averaging  is  only  done  over  the  v<  lume 
where  the  current  flows.  If  the  averaging  is  done  over  The  whole  monolayer  volume,  the  ave  ge  is 
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247  jlA/cm2  which  is  very  close  to  the  mixture  theory  prediction  of  239  (lA/cm2  (3%  difference).  For 
the  higher  cell  density  (34%),  the  differenc  -s  are  significant  independently  what  volume  is  selected  for 
averaging.  The  differences  between  the  numerical  calculations  and  analytical  for  the  solute  are  2.5%, 
and  can  be  partly  attributed  to  the  computational  error  of  the  numerical  method,  and  partly  result  Groin  the 
effect  of  the  bottom  layer  and  the  existence  of  a  small  component  of  the  current  in  the  direction  of  the 
magnetic  field. 

When  cells  form  a  confluent  monolayer  the  current  flows  only  inside  the  individual  cells. 
However,  if  gap  junctions  are  allowed,  increases  of  both  the  average  and  the  maximum  current  densities 
a:  e  observed  The  highest  current  density  is  in  gap  junctions.  Certain  resemblance  of  the  current  pattern 
is  maintained  to  that  of  an  assembly  of  isolated  cells  in  a  confluent  monolayer.  But  this  is  true  only  with 
respect  to  the  amplitude,  the  prevailing  direction  of  the  current  flow  is  the  same  throughout  the 
monolayer. 

The  network  impedance  method  has  some  advantages  and  a  number  of  serious  limitations  when 
used  to  model  induced  fields  and  currents  in  biological  cells  exposed  to  low  frequency  magnetic  fields. 
The  main  advantages  arc  its  simplicity,  convenient  formulation  facility  to  include  anisotropic  properties, 
and  reasonable  computational  efficiency.  However,  the  method  is  only  suitable  and  reliable  when  certain 
rules  arc  observed.  Problems  with  convergence  are  encountered  when  the  cell  conductivities  vary  over  a 
few  orders  of  magnitude,  as  in  the  case  of  the  monolayer  s  analyzed.  These  problems  deteriorate  further 
when  non-uniform  size  meshes  lie  used  This  makes  it  difficult  to  model  membranes  of  biological  cells 
at  a  correct  dimensional  scale  without  going  to  a  large  number  of  computational  cells.  At  the  same  time 
the  total  number  of  compuutioital  cells  is  limited  to  about  106.  This  limitation  results  partly  front  a  need 
to  use  a  large  number  of  iterations  (up  to  105,  typically  1-5  x  10"4),  for  geometries  like  the  monolayer 
with  gap  junctions.  Solutions  for  geometries  forming  circles  (or  squares)  or  rings  have  a  tendency  to 
converge  to  a  false  solution  unless  a  sufficient  number  of  iterations  is  forced.  Geometries  of  the  type 
representing  a  random  cell  distribution  do  not  pose  any  computational  problems.  A  typical  time  to 
compute  data  for  a  random  model  is  10  minutes  and  for  a  monolayer  about  five  hours  on  workstation  HP 
9000/730. 
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Introduction 

The  knowledge  of  the  spatial  distribution  of  the  electric  currents  and  fields  induced  in  the  human  body  by 
low  frequency  magnetic  fields  is  important  in  the  assessment  ofpotential  health  hazards  to  people  on  the 
basis  of  experiments  wiln  cellular  and  animal  systems  [1,2],  Inis  is  also  very  useful  in  some  medical 
applications,  e.g.,  neural  stimulation  [3].  Among  the  methods  developed  far  this  type  cf  electromagnetic 
problems,  two  differential  equation-based  methods:  the  rime-domain  finite  difference  method  (FDTD) 
and  the  impedance  or  admittance  network  method,  have  been  found  effective  for  modeling  of 
heterogeneous  and  complicated  3D  bodies  represenring  biological  subjects  [4],  At  low  frequencies,  the 
problem  is  a  quasi-static  one  as  the  displacement  current  is  negligible  compared  to  the  conduction 
current.  This,  together  with  the  fact  that  a  biological  system  does  not  perturb  an  exposing  magnetic  field, 
makes  the  impedance  network  method  especially  attractive. 

With  Urge  memories  (16-64  Mbytes)  increasingly  available  on  computers  today  up  to  1  million  cells  can 
be  routinely  handled.  A  reasonable  representation  of  the  human  anatomy  and  its  surroundings  can 
therefore  be  obtained.  However,  the  computing  tune  increases  almost  exponentially  with  the  number  of 
unknowns,  and  an  increase  in  the  number  of  the  computational  cells  beyood  1  million  leads  to  demands 
of  a  computing  speed  not  avaiUblc  in  most  computers.  Moreover,  to  model  the  detailed  anatomy  and 
morphology  of  a  whole  human  body,  one  needs  much  more  than  1  million  computational  cells.  There 
are  many  practical  situations  wltcre  a  high  resolution  modeling  is  of  interest  for  only  a  certain  part  of  the 
body.  For  example,  such  situations  arise  in  case  of  the  exposure  evaluation  of  the  head  to  the  magnetic 
field  produced  by  a  hair-drier. 

In  this  paper,  a  new  approach  for  the  sub-region  analysis  with  a  high  spatial  resolution  is  presented.  In 
this  approach,  the  injection  currents  on  the  sub-region  boundary  ste  taken  into  account  by  using  the 
previously  computed  results  for  the  whole-body  as  the  sub-region  boundary  values. 

Computational  Method 

At  low  frequencies  such  as  power-line  frequencies  (50  or  60  Hz.)  the  problem  can  be  considered 
as  quasi-static.  Additionally,  for  biological  materials,  impedances  consist  of  resistances  only  since 

cr »  2rzfe  (where  a  is  the  material  conductivity,  /  is  the  frequency  and  c  is  site  material  dielectric 
constant).  A  biological  body  is  represented  by  a  3D  resistance  network  in  which  each  parallelepiped 
volume  shown  in  Fig.  la  is  equivalent  to  three  resistance  R-ljk,  R.  ijk  and  R?1UC  associated  with  the 
network  node  (ijjt)  as  shown  in  Fig.  lb.  The  resistances  are  calculated  as  [5]: 

Rmi>ik  =  AmASmOn,1  J*)  <m=x,y,z)  (1) 
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where  rim  is  the  cell  length  in  the  m-th  direction,  Sm  is  the  area  of  the  cell  surface  perpendicular  to  the  m- 
th  axis,  and  am‘ jk  is  the  cell  electrical  conductivity  in  the  m-th  direction.  Fur  each  node,  three  line 
currents:  fx,  fy  and  fi,  and  three  loop  currents:  I„,  Iy  and  Iz  are  defined  in  Fig.  lc.  Once  the  loop  currents 
are  known,  the  line  current  through  each  resistance  element  can  be  obtained  by  summing  up  the  four  loop 
cuiTeuts  which  are  common  to  that  resistance  element.  As  illustrated  in  Fig.  Id,  the  line  current  through 
Rj'J*  can  be  expressed  by  the  loop  currents  as 

fjijA  . -lxUk  +  ixij-lk  +  iyijjc .  (2) 

Similarly,  r„'»ik  and  ry'>ik  can  be  found  to  be 

rx‘jk  =  -iyi  jk  +  iyijk-i  +  izijk  .  izij-ik  (3) 

and 

JyijJc  .  -Ijijk  +  Jji-lJk  +  lxijk  -  lxljk-l  (4) 

respectively.  Applying  Kirchhoffs  voltage  equation  to  each  loop  associated  with  node  fi  jk),  say  z- 
loop  in  Fig.lc,  the  following  relationship  is  obtained 

Rx1j-ktsijJt+Ryi4-1>i>kIyi+1'i-k-Rxi'ftlJ‘f*iJ+,-k-RyiJ-kfyi>i-k  =  (emf)z’Jk  (5) 

where  (emf),‘Jk  is  the  electromotive  force  generated  by  a  magnetic  field  perpendicular  to  the  loop,  and 

cmfjUk  .  tuBxUkSj  (6) 

Substituting  Eqs.(3)  and  (4)  into  Eq.(5),  l^Jk  cm  be  found  as 

Ijhik  -  [cmfj'jk  -  Rx‘jk(iyi jk-l-iyl j.k.izlj-lk) .  R/j+lk^Iyij+lk-lyiJ+tk-l-Jjid+lk) 
-Rv‘Jk(lxiJk-l-i  ljk-i  i-ijk) .  r  h  1  jk(]xi+l  jk-i  l+i  jk-i-i>i  jk)i 
/[RxiJk+Rxij+lk+RyiJk+Ryi+.Jkl  (7) 

Similar  equations  can  be  derived  for  Ix‘Jk  and  Iy' Jk, 

Let's  consider  a  parallelepiped  generic  region  (Fig.2a).  representing  either  a  biological  body  and  its 
surrounding  spate  or  a  sub  region  identified  from  the  whole  body  for  the  purpose  of  a  high  spatial 
resolution  analysis.  On  its  six  surfaces:  left  (i-1),  right  (i»nx),  bottom  (j-1),  top  (p=ny),  rear  (k»l)  and 
front  (k^nx).  line  currents  are  assumed  to  be  known.  In  the  sub-region  analysis,  the  line  current  density 
on  the  boundary  can  be  obtained  by  interpolating  the  results  from  the  whole  region  analysis.  The  line 
currents  on  the  boundary  are  sometimes  called  injection  currents,  however,  they  may  also  flow  outward 
or  parallel  to  the  boundary  as  shown  in  Fig.2a 

The  loop  equations  are  formulated  differently  for  several  outer  nodes  compared  to  inner  nodes.  The  y- 
loop  at  A(ij,nx-1),  the  z-loop  at  B(nx-l,ny-l,k)  and  the  x-loop  at  C(ij,l)  are  representative.  The 
boundary  line  currents  involved  around  the  loop  are  indicated  by  arrows;  the  unmarked  line  currents  need 
to  be  decomposed  into  the  loop  currents.  To  illustrate  the  formulation  of  the  method,  the  z-loop  current 
equation  at  node  B  is  given  in  detail. 
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W  (b) 


Figure  1  Illustration  for  the  impedance  network  method. 

(a)  a  parallelepiped  tissue  volume  of  the  body  fanning  i  computation  cell  of  (i.j.k); 

(b)  three  directional  impedances  associated  with  node  (ij,k); 

(c)  three  line  currents  and  loop  currents,  Ira  and  Im  (m=x,y.z),  defined  for  node  (i  j,k); 

(d)  line  current  fj'J*  shown  as  a  superposition  of  four  loop  currents  flowing  through  the 
resistance  Rz‘J-k. 
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FromEq.(5),  the  z-loop  equation  at  B(nx-l,ny-l  Jc)  is  given  as 

Rxnx-l,ny-l*fxnx-l.ny-lj£+Rynau'y-l*tyn%W-l>;.Rxn».laiyJclxrai-l,nyJ1 

.R  ia-iW-l.k|ynx-l,ny-I.It „  emfInx-1,ny-l.k  (8) 

where  line  currents  f,"*-1-1')'*  and  fyn*>ny-l,k  have  known  values,  and  lxn*-'-ny-lJc  and  (ynx-l,ny-l.k  are 
unknown.  Using  Eqs.(3)  and  (4),  the  unknown  currents  J^ns-laty-J Jt  and  tyn*  1  ny_1k  can  be  expressed 
as 

txn*-lny-lk  _  -Iynx  lny-ljt  +  Iyn*-l,ny-l,k-l  +  ]znx-l,ny-U  -  IjHX-lny-2J(  (9) 

and 

iynx-i,ny-lk  m  .^nx-lny-ljc  +  [ziu  ?,ny-l,k  +  jxnx-lny-ljc  .  [xru  l.ny  IJc  l  (10) 

respectively.  After  substituting  Eqs.(9)  and  (10)  into  Eq.(8)  and  rearranging  it,  tzI“-1ny-l.k  can  be 
readily  found  as 


fjiu-l.ny-l*  _  (crafzl*x'lr‘y-lA+RJIU-'riykI)t'iX'lnyk  -  Rynxjiy  lkfynxjiy-Ui 
+  Rxnx-laiy-lJt(ilrn-iw-2Jt+iyiix-laiy-i*.iyi»-laiy-iJt-l) 

+  Ryiix-laiy-lJt(l,"'  2,ny-lk+ixnx-lriy-lXlxnx-luiy-l.k-l)] 
/(Rxnx-l.ny-1Jc+Rynx-l.ny-lk)  (II) 


Verification 

A  solution  for  a  double-layered  sphere  is  used  to  verify  the  formulation  and  accuracy  of  the  sub-region 
analysis.  The  sphere  has  ndii  of  0.15  m  and  0.25  m,  and  electric  conductivides  of  1  S/m  and  0.5  S/m 
for  its  inner  and  outer  layers,  respectively,  and  is  placed  in  a  uniform  60  Hi  magnetic  field  in  tree  space. 
An  analytical  solution  is  available  for  this  problem  and  hence  can  be  used  to  check  the  numerical  results. 

The  verification  is  conducted  in  three  steps.  In  the  first  step,  computations  are  performed  for  the  whole 
sphere.  In  the  second  step,  one  eighth  of  the  sphere  is  considered  for  a  sub  region  analysis  where  the 
boundary  values  in  the  planes  of  x=0,  y-0  and  z=0  need  to  be  assigned.  The  computational  cell  size  is 
halved  in  each  dimension,  resulting  in  roughly  the  same  cell  number  as  in  step  one.  To  examine  the 
effect  due  to  the  error  in  boundary  values,  the  computation  of  this  eighth  sphere  is  performed  in  two 
cases:  in  the  fust  case,  the  numerical  results  from  the  fust  step,  and  in  the  second  case,  the  analytical 
results  arc  used  as  the  boundary  values.  In  the  final  step,  a  cubical  region  partially  embeded  in  die  eighth 
sphere  is  chosen  for  another  stage  of  sub-region  analysis  and  the  cell  size  is  again  halved.  The  boundary 
values  on  the  six  surfaces  of  this  cube  are  taken  from  the  numerical  results  from  case  1  and  2  of  step  one, 
and  from  the  analytical  solution.  The  error  evaluation  for  each  step/casc  is  illustrated  in  Fig.3  for 
comparison. 

Sub-Region  Analysis  of  Human  Head 

To  illustrate  the  application  of  the  above-described  approach  of  the  sub-region  analysis,  electric  cunents 
and  fields  induced  in  the  human  head  by  a  uniform  60  Hz  magnetic  field  of  I  T  directed  from  the  back  to 
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Figure  2  Model  for  the  derivation  of  iterative  loop  current  equations  for  the  outer  nodes  of  a 
parallelepiped  sub-region. 

I  (a)  Line  currents  on  the  sub-region  boundaries,  i.e.,  left,  right,  bottom,  top,  rear  and  front 

surfaces; 

(b)  Three  outer  nodes:  A(i,j,nz-1),  B(nx-l,ny-l,k)  and  C(ij.t)  and  the  boundary  line 
currents  involved  in  their  loop  current  equations. 
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Figure  3  The  relative  error*  in  the  computations  of  a  double-layered  sphere. 


the  front  ate  computed.  The  anatomically  based  man  models  developed  at  the  University  of  Utah  are 
used  in  this  computation.  The  man  model  consists  of  quarter-inch  grid  (0.665cm)  An  electric 
conductivity  was  assigned  to  each  of  such  cubical  cells,  according  to  the  tissue  type  they  belong.  The 
obtained  conductivity  matrix  for  the  body  volume  and  its  surrounding  space  has  a  size  of  90X48X268, 
i.e.,  about  1.16  million.  Since  this  requires  a  memory  space  too  large  for  most  readily  accessible 
computers,  the  data  for  2X2X2  »  8  cells  are  combined  to  form  a  smaller  matrix  of  45X24X134.  This  half- 
inch  model  is  used  in  the  whole  body  computation,  while  the  quarter-inch  model  is  used  in  the 
computation  of  the  hcad-iegion  starting  from  the  neck.  The  boundary  values  on  the  neck  cross-section 
are  obtained  by  interpolating  the  line  current  densities  from  the  whole  body  computation. 

The  average  and  maximum  values  of  the  calculated  electric  currents  and  fields  induced  in  the  head  are 
listed  in  Table  1  for  three  compulation  cases.  It  can  be  noted  that  maximum  current  density  and  field 
intensity  for  smaller  computational  cells  are  2-3  times  higher  than  those  of  case  1,  though  the  average 
values  are  very  close.  The  ratio  of  the  maximum  to  the  average  for  both  the  current  and  field  in  the  head 
would  be  even  larger  if  the  head  was  modeled  with  finer  computational  cells.  Secondly,  the  differences 
for  the  average  and  the  maximum  values  between  ca^c  2  and  3  are  significant,  indicating  that  the  current 
flow  between  the  head  and  the  test  of  the  body  cannot  be  neglrcted. 

Conclusions 

In  modeling  of  the  induced  electric  current  distribution,',  in  a  3D  heterogeneous  human  body  the 
impedance  network  method  coupled  with  the  sub-regton  analysis  approach  is  viable.  It  is  effective  in 
dealing  with  conflicting  requirements  between  the  modeling  resolution  and  the  computation 
manageability  Using  one  or  multi-stages  of  sub-region  analyses,  a  body  region  of  interest  can  be  dealt 
with  in  a  "zoom  "Tike  manner  and  does  not  result  in  an  excessively  large  number  of  computation  cells. 
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TABLE  1  Comparison  of  Various  Compulation  Cases  of  Modeling 
(he  Electric  Current  and  Field  Induced  in  the  Head  by  a  60  Hz  Uniform 
Magnetic  Field  of  IT  from  the  Back  to  the  FronL 


Computations 

Cases 

Current  Density 
( pi  A/cm2) 

E-Field 

{Vim) 

Average 

Maximum 

Average 

Maximum 

Case  1:  Whole  Body  Analysis 
(A-l/2",  n=144,700) 

191 

1440 

14.0 

105 

Case  2:  Head  Sub-Region  Analysis 
(A  «l/4",  n=35,900) 

206 

2000 

13.7 

296 

Case  3:  Detached  Head  Analysis 

(A  =1/4".  n=35.900) 

161 

1050 

11.3 

65.2 
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ABSTRACT 

Static  and  frequency  domain  analysis  or  various  scattering  PEC 
bodies  is  accomplished  using  the  two-dimensional  finite  integral 
technique  (FIT)  combined  with  the  measured  equation  of  invariance  IMEI). 
The  resulting  FTT/MEI  solutions  are  compared  with  the  well  known  method 
of  moment  (MOW)  solutions  for  validation. 

I.  INTRODUCTION 

The  finite  integral  technique  (KIT)  uses  the  integral  form  of 
Maxwell’s  equations  applied  to  a  discrete  conformal  grid.  The  scattering 
structure  and  the  surrounding  region  is  subdivided  into  elements,  in 
this  case  triangles,  and  constitutive  materia)  parameters  are  assigned 
to  each  triangle  thus  facilitating  the  specification  of  an  inhomogeneous 
body.  Then,  Maxwell’s  equations.  In  the  integral  form,  are  applied  to 
each  element  to  generate  a  sparse  matrix,  The  measured  equation  of 
invariance  (MEI)  is  used  to  truncate  the  problem  space  close  to  the 
scattering  body. 


II.  THE  FINITE  INTEGRAL  TECHNIQUE 

The  finite  integral  technique  directly  applies  the  Maxwell's 
equations  In  integral  form  to  a  discrete  grid  ll).  The  unknown 
quantities  are  approximated  by  explicit  basis  functions,  and  therefore 
the  technique  is  easily  derived  and  implemented.  Also,  use  of  the 
integral  form  oi‘  Maxwell’s  equations  provides  a  smoothing  effect  on  the 
problem  solution. 

Beginning  with  Maxwell’s  equations 


V  x  H  «  -jwcE 

V  x  E  «  jwpH 


the  two-dimensional  Integral  form  (no  7  variation)  may  be  easily 
derived,  given  by 


|  ■  dl  *  ju  J  cE^  ds 

E**1  -  E‘  =  -jw  J  mH(  •  ndl 


(2) 


where  is  the  transverse  magnetic  field,  E  is  the  z-directed  electric 
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field,  and  E**1  and  are  the  electric  fields  at  two  adjacent  node 
locations  i+1  and  i  In  the  mesh,  respectively. 

Applying  the  appropriate  basis  functions  results  in  an  equation 
which,  if  applied  to  every  node  in  the  discrete  mesh,  generates  a  FIT 
matrix  that  can  then  be  solved  for  the  unknown  quantities  111. 

IV  THE  MEASURED  EQUATION  OF  INVARIANCE 


The  measured  equation  of  Invariance  [2]  technique,  applied  to  the 
boundary  nodes  of  a  discrete  grid  scheme,  enforces  the  radiation 
condition  for  open  region  scattering  problems. 


Using  the  static  case  as  an  example,  assuming  we  have  an  open 
region  PEC  with  a  charge  density  p^  on  the  body,  we  can  find  the 

potential  V  at  any  point  in  space  using 


<P'  )ln|p  -  p'  | 

Zrrco 


dc' 


(3) 


where  p'  and  p  represent  the  position  vectors  to  the  source  and  field 
points,  respectively,  and  is  the  charge  density.  Also,  at  each 

boundary  node,  an  equation  relating  the  boundary  nodes  potential  with 
the  neighboring  potentials  can  be  defined  as 

N 

V  a  V  -  0  (4) 

&  1 1 

Where  is  the  unknown  voltage  at  node  1,  is  an  unknown  weighting 
coefficient  associated  with  V^,  and  N  is  the  number  or  potentials 
considered. 


By  assuming  N-l  orthogonal  f  unctions  f  or  the  purpose  of 
representing  in  (2),  and  then  solving  for  the  V ’s  in  (3),  a  set  of 

N-l  linear  equations  with  N-l  unknown  o^'s  can  be  defined  at  each 

boundary  node.  Solving  these  equations  yields  a  set  of  weighting 
coefficients  (a(>  1*1,  N-l)  associated  with  each  boundary  node  Using 

these  weighting  coefficients,  in  place  of  the  finite  difference  schemes 
weighting  coefficients,  implements  the  MEI  method  and  enforces  the 
radiation  condition,  flince  N  is  a  finite  number  (In  our  case  equal  to 
4),  the  new  f Inite-difl  erence  global  matrix  is  still  sparse. 

IV  NUMERICAL  RESULTS 

Figure  l  shows  the  predicted  charge  distribution  on  the  body  for  a 
0.1m  infinite  PEC  strip  and  an  infinite  PEC  square  cylinder,  O.im  on  a 
side,  as  predicted  by  FIT/MEI  and  MOM.  For  both  geometries,  the 
potential  on  the  bodies  is  raised  to  a  constant  iOV.  For  Figure  la,  the 
FIT/MEI  approach  terminates  the  problem  space  two  layers  away  from  the 
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strip  and  has  38  unknowns.  For  the  MOM,  the  strip  is  divided  into  10 
equal  segments.  For  Figure  lb,  the  FIT/MEI  approach  terminates  the 
problem  space  two  layers  away  from  the  square  cylinder,  and  has  72 
unknowns.  The  UOM  problem  is  divided  into  24  equal  segments,  For  both 
geometries,  there  is  good  overall  agreement. 

Figure  2  shows  the  predicted  normalized  current  distribution  on  the 
body  of  a  0.1A  infinite  PEC  strip  illuminated  by  a  normally  incident  TM 
plane  wave  as  predicted  by  FTT/MEI  and  MOM.  Figure  2a  compares  the  real 
part  of  the  current  and  Figure  2b  compares  the  imaginary  part.  The 
FTT/MEI  problem  space  is  terminated  two  layers  away  from  the  strip  and 
has  64  unknowns.  The  MOM  strip  is  divided  into  16  equal  segments.  For 
2a-b,  agreement  is  fair  in  the  middle  of  the  strip  but  not  good  at  the 
ends. 


Figs.  3,  4,  and  5  show  the  predi  ed  normalized  current 
distributions  induced  on  infinite  cylinders  of  circular,  square,  and 
bow-tie  cross  sections,  illuminated  by  a  TM  plane  waive  as  predicted  by 
FIT/MEI  and  M0*«  ^chniques  (dimensions  are  provided  in  each  figure).  In 
each  figure,  'Tent  is  plotted  beginning  from  the  middle  of  the 

shadow  region  linishing  in  the  middle  of  the  illuminated  region.  For 
all  the  cases,  the  FTT/MEI  problem  space  is  terminated  two  layers  away 
from  the  cylinder.  The  circular,  square  and  the  bow-tie  cylinder 
problems  use  40,  8*.  and  BO  equal  segments  for  the  MOM  solution  and  160, 
184,  and  172  unknowns  for  the  FIT/MIE  solution,  respectively.  Agreement 
between  the  FTT/MEI  and  MOM  is  reasonably  good  in  all  cases. 

V.  CONCLUSIONS 

The  thrust  of  this  effort  was  simply  to  validate  the  FIT/MEI 
method,  and  no  effort  was  made  to  minimize  the  unknowns  for  either  the 
FIT/MEI  or  MOM  techniques,  nor  to  maximize  agreement  between  the  two 
methods  by  increasing  FIT/MEI  or  MOM  unknowns.  However,  since  the 
FIT/MEI  technique  generates  a  sparse  matrix,  and  easily  handles 
inhomogeneous  or  anisotropic  materials  and  complex  geometries,  it  is 
possible  that  the  technique  could  deal  with  more  complex  and 
electrically  larger  problems  than  the  MOM.  Presently,  work  is  in 
progress  to  validate  this  observation, 

REFERENCES 

[11  J.  E.  Wheeler  Hi,  rct  relation  and  investigation  of  finite  integral 
techniques  for  computing  c’ectromagr.etic  fields  in  the  presence  of 
arbL\r+ry  inhomogt neous  objects,  FhD  thesis.  University  of  Houston, 
December  1991. 

12)  K.  K.  Mei,  R.  Fous,  Z.  Chen,  and  V.  W,  Liu,  "The  measured  equation 
of  invariance:  a  new  concept  in  field  computation,"  1992  IEEE  ALS 
International  Symposium,  Chicago,  USA,  pp.  2047-2050. 


504 


charge  der.s:' 


position 

b) 


Figure  1.  a.)  A  O.lm  infinite  PEC  strip  is  raised  to  a  10V  potential. 

The  charge  density  on  the  strip  as  predicted  by  MOM  and 
FIT/MEI  is  then  compared,  b)  An  infinite  square  cylinder,  O.lm 
to  a  side,  is  raised  to  a  10V  potential.  The  charge  density  on 
the  square  as  predicted  by  MOM  and  FIT/MEI  is  then  compared. 
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Figure  2.  A  O.in  infinite  PEC  strip  is  iHwnin^tftd  [as  shown)  by  a 
normally  incident  TM  plane  wave.  The  normalized  current 
distribution  on  the  strip  is  predicted  by  MOM  and  F1T/MEI  and 
then  compared,  wf  re  a)  compares  the  real  part  of  the 
normalized  current  distribution  and  b)  compares  the  imaginary 
part. 
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Figure  4.  An  infinite  PEC  square  cylinder,  l.OX  on  a  side,  is 
illuminated  (ms  shown}  by  a  normally  incident  plane  wave,  me 
normalized  current  distribution  on  the  body  is  predicted  by 
14011  and  FIT/ME1  and  compared,  where  al  compares  the  real  part 
of  the  normalized  current  distribution  and  b)  compares  the 
imaginary  p?*rt. 
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Figure  5.  An  infinite  PEC  bow  cylinder.  0.2A  by  0.ZA  with  a  gap  spacing 
of  0.02A,  is  illuminated  (as  shown)  by  i  TM  incident  plane 
wave.  The  normalized  current  distribution  is  predicted  by  MOM 
and  FIT/MEI  and  then  compared,  where  a)  compares  the  real  part 
of  the  normalized  current  distribution  and  b)  compares  the 
imaginary  part. 
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A  T-Matrix  Solution  for  the  Si  ittering 
from  Dielectric  Cylinders 
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Abstract 

The  T-Matrix  method  (also  known  as  the  extended  boundary  condition  method)  is  a  low  fre¬ 
quency  technique  for  computing  scattered  fields  which  offers  advantages  relative  to  the  volumetric 
based  method  of  moments  for  many  dielectric  scattering  problems.  This  paper  documents  the  de¬ 
velopment  of  T-Matrix  aolutions  in  both  the  TMt  and  TEM  polarizations  for  dielectric  cylinders  of 
infinite  length.  The  physical  cross-section  of  the  cylinders  is  any  closed  contour  which  can  be  ap 
proximated  with  fiat  facets,  indudiug  both  concave  and  convex  shapes.  Results  indicate  T-Matrix 
solutions  can  often  be  derived  with  many  fewer  unknowns  than  with  volumetric  moment  methods, 
and  with  much  tees  computation  time. 

1.  INTRODUCTION 

The  T-Matrix  method  was  first  developed  by  Waterm  as  an  alternative  to  moment  methods  for 
solving  low  frequency  acoustic  and  electromagnetic  sc  tering  problems  fl.  2].  Descriptions  of  the 
general  method  are  found  in  several  books  [3,  4,  5,  6).  The  method  requires  expanding  an  incident 
field  into  a  sum  of  wavefunctions  from  a  complete  set,  with  known  expansion  coefficients.  The 
scattered  field  is  then  postulated  to  be  an  unknown  expansion  of  outward  propagating  wavefunctions, 
whose  coefficients  (assuming  Linear  media)  must  be  linearly  related  to  tire  coefficients  of  the  incident 
expansion  via  a  transition,  or  T-Matrix.  The  challenge  is  then  to  set  up  an  analysis  procedure 
to  deduce  how  to  fill  the  elements  of  this  T-Matrix.  The  analysis  procedure  requires  the  use  of  a 
null-field  integral  equation  (NFIE),  which  means  the  scattering  body  must  be  bounded  by  a  closed 
surface.  The  approach  also  requires  obtaining  an  eigenfunction  expansion  of  the  free  space  Green’s 
function.  The  T-Matrix  construction  procedure  then  follows  by  exploiting  of  the  orthogonality  of 
the  eigenfunctions. 

The  next  section  outlines  the  T-Matrix  solution  for  several  two  dimensional  electromagnetic  scat¬ 
tering  problems.  A  somewhat  detailed  explanation  is  given  for  the  case  of  an  Isotropic,  homogeneous 
dielectric  cylinder  in  the  TAf,  polarization.  This  is  followed  by  a  brief  explanation  of  the  necessary 
modifications  for  the  problems  of  dielectric  cylinders  in  the  TE;  polarization.  The  third  section 
discusses  issues  related  to  the  numerical  implementation  of  the  solutions.  Results  are  then  given  in 
the  fourth  section. 

2.  T-MATRIX  SOLUTION  PROCEDURE 

Consider  the  2-1)  geometry  depicted  in  Figure  i.  Ail  of  space  is  divided  into  two  regions,  separated  by 
the  closed  boundary  S.  Region  II  extends  to  infinity  and  is  filled  with  empty  space  (/*„,(„).  Region 
1  is  filled  with  a  homogeneous,  isotropic  dielectric  (/ii,ci).  Note  the  outward  normal  h  is  directed 
into  Region  11.  Also  note  the  imaginary  circular  cylindrical  surfaces  of  radii  i2,  and  R„.  which  just 
inscribe  and  superscribe  the  physical  bound  try  5. 

2.1  DIELECTRIC  CYLINDER,  TAf,  POLARIZATION 

In  this  polarization  with  the  cylinder  of  infinite  length,  the  incident,  scattered,  and  total  electric 
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Figure  1:  Crow- Section  of  the  Cylinder  Geometry  (Infinite  in  z) 


fields  everywhere  must  be  purely  i  directed.  Thus,  we  start  with  &  scalar  form  of  the  NF1E, 


p  in  Region  I, 
p  in  Region  II, 


zm 


dl>, 


(1) 


where  c  is  the  curved  line  contour  of  the  surface  A'  within  the  XY  plane.  The  interpretation  of  the 
electric  field  for  the  fine  integral  is  the  total  electric  field  that  exists  infinitesimally  away  from  the 
boundary  into  Region  11,  a  fact  borne  out  from  the  application  of  the  divergence  theorem  in  deriving 
Green  s  second  identity  and  subsequently,  the  NELL  Tne  2-D  free  space  Green's  function  in  Eq  (1) 
satisfies 


(V;  +  ^)G,(p,p')--<lp- A  (2) 

with  th*  2-D  form  of  the  Sommerfeld  radiation  condition  for  t*wi  time  dependence.  This  Green’s 
function  has  the  well  known  closed  form  expression, 

<?.(A0')=  P'1),  W 

but  may  also  be  expressed  in  the  eigenfunction  expansion, 

<mJ„(k,p<)H%,(k,p>)a>ti[m(4>- df)],  (4) 

4  m-o 

where  we  use  the  Neumann  number,  em  =  1  for  m  =  Cr  ajid  cm  -  2  for  all  positive-  integers  rn. 

Now  we  introduce  the  even  and  odd  mode  scalar  wavefunctious  of  circular  cylindrical  ioordinates1 
which  arc: 

<*> 


5U 


where  Z W  represents  Bessel  functions  of  the  first  kind,  second  kind,  and  Hankei  functions  of  the  first 
and  second  kinds  for  i  =  1,2,3,  and  4  respectively.  Using  these  wavefunctions,  we  can  express  the 
Green’s  function  as 

o.u  =  -jj-  53 tm  + V'L,(*./'<W,it)(*.p>)]  ■  (0 

4  17**0 

Noting  the  completeness  of  the  wavefunctions,  we  ra&y  expand  the  incident  field  as 

Ei(p)  =  ]£  +  (') 

m-0 

where  the  ordinary  Bessel  functions  axe  chosen  to  include  representing  E\  at  the  origin. 

Let  us  now  test  the  NFIE  along  the  circular  contour  of  radius  Rt.  Hero,  it  is  clear  that  /><  —  f> 
and  ftp  =  /)'.  We  can  then  substitute  the  expansions  of  G «  and  E\  into  the  NFIE,  multiply  t ty\k0p) 
to  each  term  and  integrate  over  the  circular  circumference  at  the  R(  radius.  From  the  orthogonality 
of  the  wavefunctions,  we  extract 


O*./) 


(8) 


where  q  (and  later,  u  and  */)  represents  the  collection  of  subscripts,  *m.  Note  that  Eq  (8)  is  a 
representation  of  a  system  of  equation*  indexed  by  y.  To  go  further,  we  introduce  the  boundary 
conditions  for  the  dielectric  interface, 


E\  =  El1 
1  dEj  =  1  dEj1 

Pi  On  p„  dti 

valid  for  all  points  along  c.  also  choose  to  expand  the  total  field  in  Region  1  as 


(9) 

(1UJ 


(11) 


where  the  coefficients,  c„,  are  unknown  for  now.  Using  the  boundary  conditions  and  this  latest 
expansion  for  E\,  we  rewrite  the  system  of  equations  represented  by  (8)  as 


ki  =  iv;jm 


where  the  entries  of  the  Q1  matrix  are  given  by 


q;“ = ^  l  *’■ 


(12) 


(13) 


Note  that  the  m  subscript  associated  with  the  Neumann  number  iu  the  above  is  part  of  the  y  subscript 
collection  (not  u).  By  filling  the  entries  of  the  Q1  matrix  and  inverting  it,  we  can  now  solve  for  the 
expansion  coefficients  for  E\  if  we  desire,  but  this  will  not  be  necessary  for  what  follow?  Thus,  like 
volumetric  moment  methods  (but  unlike  surface  integral  equation  approaches)  the  total  field  inside 
the  dielectric  Is  readily  available  from  the  T-Matrix  approach  without  additional  integrations. 
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Next,  we  Apply  the  NFIE  in  Region  II  along  the  circular  contour  of  radius  Specifically,  for 
p  >  we  postulate  an  expansion  of  the  scattered  field  of  the  form, 

E'.  =  £>*<«>(*./*),  (14) 

substitute  it  into  Eq  (l).  use  the  eigenfunction  expansion  of  the  Green’s  function  with  p*  =  p'  ami 
p>  =  p,  multiply  each  term  by  and  integrate  over  the  contour  of  radius  H0  to  get  the 

system  of  equations, 

kl  =  IQ"  Ik)-  (is) 

The  entries  of  the  Q11  matrix  are  given  by 

<*‘‘  (id) 

where  m  is  part  of  the  v  collection  of  subscripts.  Note  that  if  the  dielectric  media  is  lossless  ( «■  t ,  /x , 
and  kt  are  real),  then  the  entries  of  [Q/i]  may  be  quickly  obtained  from  the  corresponding  entries  of 
[<?']  via 

Q"*- -j  ■  Imag{QlJ,  (17) 

which  can  be  seen  by  comparing  Equations  (13)  and  (16), 

Finally,  we  recognize  the  solution  from  Equations  (12)  and  (15),  which  is 

(M  =  in, Ik!  (ih) 

where  the  T  Matrix  is  simply 

pi  -  [Q"][o'r‘.  <is») 

For  an  incident  plane  wave  coming  from  a  polai  angle*  <i>  from  the  Tr  axis  within  the  XY  plane,  the 
incident  field  may  be  expressed  as 

F*  =  (20) 

which  may  be  put  in  the  form  of  the  expansion  in  Equation  (7)  with  the  coefficients, 


Once  the  expansion  coefficients  b,  axe  determined,  the  scattered  field  pattern  is  readily  found  by 
using  Eq  (14),  avoiding  ths  final  sUp  of  a  radiation  integral  which  typically  comes  up  in  nmnieiii. 
method  calculations. 

2.2  DIELECTRIC  CYLINDER,  TEX  POLARIZATION 

The  development  of  the  T  Matrix  solution  for  this  case  is  extremely  similar  to  that  presented  in  the 
previous  section.  It  is  no  more  difficult  to  derive  and  execute  than  the  TM,  case,  unlike  volumetric 
moment  method  approaches  (which  fall  into  vector  current  unknowns  hi  x  and  y,  instead  of  a  single 
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scalar  unknown  current  for  the  T M,  polarization).  The  only  changes  come  from  a  different  form  of 
a  scalar  NFIE,  and  different  boundary  conditions  which  come  from  an  application  of  duality.  The 
NFXK  used  here  is 


p  in  Region  1, 
p  in  Region  II, 

(22) 

The  field  expansions  used  are 

w;  =- 

f 

(23) 

(24) 

n\  =  £>.44>(M) 

(25) 

and  the  necessary  boundary  conditions  are 

H't  -  Hi'  (2(i 

Ilf  -  i  if-.  m 

f i  an  on 

The  results  arc  a  solution  of  the  form  of  Eq  (18)  and  (19),  where  the  entries  of  the  Ql  and  QL 
matrices  arc 

i|  dl '  (28 

with  the  m  associated  with  y,  and 

<?"  =  ^  W)^.1  W)]  (29 


where  m  is  part  of  u.  Again,  Eq  (17)  may  be  used  to  simplify  the  tabulations  of  the  Q11  entries  if 
the  scatterer  is  lossless.  The  excitation  coefficients  for  the  expansion  of  the  incident,  magnetic  field 
are  identical  to  those  in  Eq  (21). 

3.  COMPUTER  CODING  ISSUES 

Two  important  considerations  in  developing  a  computer  code  baaed  an  the  solutions  derived  in  the 
previous  section  are  how  to  input  and  handle  the  geometry,  and  how  to  compute  the  necessary  special 
functions.  Here,  wc  have  chosen  to  confine  the  geometry  to  be  a  closed  surface  of  flat  facets,  the 
si i*  of  which  are  independent  of  wavelength,  but  only  chosen  for  geometric  fidelity.  This  choice  has 
the  advantages  of  both  making  the  geometry  denim  ion  and  allowing  for  simple  surface  norm?*! 
calculations  to  be  made,  which  are  necessary  for  the  general  requirement  to  numerically  perform  the 
normal  derivatives.  The  code  developed  in  this  effort  reads  in  a  series  of  z  and  y  coordinates  of  nodes, 
which  when  connected  fotra  the  flat  facets.  The  nodes  are  defined  sequentially  in  a  counter-clockwise 
sense,  starting  at  node  #1  and  finishing  with  node  #JV.  The  code  always  assumes  a  facet  ■  onncctiou 
between  nodes  i  and  i  -f  1,  with  the  implicit  assumption  that  node  #A’  connects  with  node  #1. 


514 


Figure  2  shows  an  example  of  a  cylinder  geometry  built  with  five  facets.  Note  that  node  #i  +  1 
follows  node  #t  in  the  counter-clockwise  sense.  We  may  designate  the  connection  between  these  two 
nodes  as  facet  #i,  which  has  an  outward  surface  normal  direction  ri<.  No  matter  what  the  orientation 
of  this  facet,  be  it  part  of  a  concave  or  convex  surface,  the  normal  may  be  computed  via 


Ti, 


-  Vi- f  1  -  Vi  ,  f  -  *»+t 
di  V  d( 


where  the  width  of  the  facet  is 

di  =  v/(*<+i-*i),  +  («i+i  -»•)’■ 


(30) 


(31) 


Tliis  procedure  guarantees  giving  the  outward  normal  direction  as  long  as  the  nodes  were  defined 
sequentially  in  the  counter-clockwise  sense. 


The  derivatives  of  the  wavefunctions  were  first  attempted  to  he  found  numerically  by  sampling 
at  points  a  small  increment  6  away  from  the  facet  points  in  the  h;  direction.  Tills  approach  had 
limited  success,  as  it  was  difficult  to  choose  a  good  universal  value  for  6,  even  with  approaches  based 
on  the  given  dielectric  constant  of  the  input  geometry.  A  better  way  to  handle  the  derivatives  is 
analytically,  as  follows: 
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where 


oQLKkp) 

Op 

jZ«\kp)  -  tZ™  ,(*/») 

(33) 

= 

kZ«Ukp)-^ZW(kp). 

(34) 

The  p  and  o  components  of  n  arc  merely 

= 

nr  cos  6—  nv  sin  d> 

(35) 

«e  = 

— nr  sin  <p  +  ny  cos  <p 

(36) 

where  n,  and  i\v  are  evident  in  Equation  (30). 

To  compute  the  special  (unctions,  we  first  made  use  of  the  well  known  12th  order  polynomial 
approximations  (cr  the  zero  and  first  order  Hankel  function^  [?].  To  extend  our  ability  to  compute 
Hankcl  functions  with  different  Urge  order  and  argument  combinations,  we  then  made  use  of  Somers' 
modification  of  Miller's  algorithm  with  auxiliary  functions  (8).  We  also  chose  to  recurse  upward 
for  the  calculation  of  Jn(x)  whenever  x  >  n,  which  was  necessary  for  stability.  This  extension 
greatly  expanded  the  electrical  sizes  and  shapes  of  cylinders  which  could  be  used  without  numerical 
difficulty.  Since  recursion  is  employed,  both  Z^(kp)  aud  Z„kl {kp)  could  be  computed  in  the  same 
subroutine  call  with  a  minimal  addition  of  computation  time  (i.e.,  use  the  appropriate  expression  for 
for  the  direction  of  recursion  In  the  application).  Thib  greatly  sped  up  the  calculation  of  the 
normal  derivatives  vs.  taking  numerical  derivatives  (which  require  a  different  argument  in  the  Hesse) 
functions). 

4.  RESULTS 

A  single  FORTRAN  based  computer  code  was  written  to  execute  the  2-D  cylinder  scattering  problems 
discussed  earlier,  with  arbitary  flat  facet  geometry  definition.  The  code  tap.  be  used  for  a  wide 
variety  of  cylinder  problems;  here  we  only  illustrate  a  single  test  case,  because  of  space  limitations. 
The  purpose  of  this  example  is  to  demonstrate  the  validity  of  the  T-Matiix  theory  and  show  some 
advantages  the  T- Matrix  has  vs.  the  moment  method. 

The  test  case  involves  a  dielectric  cylinder  of  square  cross-section  in  the  TMt  polarization.  For 
this  cane,  we  place  the  origin  in  the  center  of  the  cylinder  and  define  nodes  at  x  —  ±0.5A„,  y  =  £0.5  A, 
(i.e..  each  side  of  the  square  cross-section  is  IA„  long).  The  material  parameters  are  cr  =  2,/ir  =  l. 
We  analyze  the  bistatic  scattering  from  this  cylinder  with  a  fixed  incident  direction  of  <t>  -  0.  which 
is  normal  to  one  of  the  flat  faces.  Due  to  the  problem  symmetry,  we  recognize  that  only  even  mode 
wavefunctions  will  contribute  to  the  solution,  so  we  do  not  use  any  odd  functions  in  <p  for  the  T- 
Matrix  solutions.  In  Figure  3,  we  compare  T-Matrix  solutions  for  the  bistatic  echo-width  (in  units 
of  ii#A„)  with  a  volumetric  moment  method  solution  using  pulse  basis/point  matching. 

Experience  with  the  T-Matrix  method  Indicates  that  one  generally  needs  to  use  all  wavefunciioiib 
up  to  m  =  M,  where  M  is  the  closest  integer  to  lk,R9.  This  is  baaed  on  the  fact  that  the  ‘'maximum 
frequency  content”  of  a  scattering  pattern  is  proportional  to  the  largest  dimension  of  the  target 
in  free  space  wavelengths.  In  the  present  case,  2fc,Jt„  =  8.89,  which  means  we  expect  to  need  10 
total  even  mode  wavefunctions  (counting  m  =  0).  Note  that  exploiting  the  target  and  excitation 
symmetry  saves  9  unknowns  (the  odd  modes)  here.  In  Figure  3,  we  compare  the  T-Matrix  solution 
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Figure  3:  Bistatic  Scattering  from  1A*  x  i\0  Dielectric  Cylinder,  TMat  =  2,  Fixed  Incidence  of 
<p  *  U  (Normal  to  a  face) 


using  10  wavefunctions  with  the  moment  method  solution  using  225  unknowns  (chosen  to  maintain 
10  pulses  per  dielectric  wavelength).  Also  shown  is  a  T-Matrix  solution  with  only  5  wavefunctions, 
which  clearly  has  not  converged.  We  also  ran  the  T-Matrix  code  with  the  first  20  even  wavefunctions 
-  this  only  changed  the  solution  from  10  wavefunctions  by  a  maximum  of  0.02  dB  in  the  pattern, 
indicating  that  10  unknowns  were  enough  for  convergence. 

The  convergence  of  the  T-Matrix  solution  for  the  first  test  case  can  also  he  seen  by  examining 
the  magnitude  of  the  expansion  coefficients  for  the  scattered  field,  by.  In  Figure  4,  we  plot  these 
magnitudes  for  the  first  11  even  inodes.  The  magnitude  of  the  m  —  10  term  is  1.97  x  10"5,  which  is 
barely  significant  in  the  resulting  field  pattern.  An  extension  to  higher  terms  gives  a  dramatic  fall  in 
coefficient  magnitudes;  e.g.,  the  m  =  19  term  is  only  9.64  x  10~13.  It  should  also  be  noted  that  the 
wavefunctions  have  \fy/ni  dependence  in  the  fax  zone  due  to  the  asymptotic  behavior  of  the  Hankel 
functions,  which  further  dampens  thA  effect  of  higher  order  terms.  In  comparing  these  coefficients  in 
T  -Matrix  solutions  using  different  mode  cutoff  criteria,  one  gets  almost  the  same  values  for  the  same 
mudes,  with  only  minor  differences  associated  with  interactions  between  the  new  modes  and  the  old 
ones. 

Not  only  does  the  T-Matrix  method  often  require  fewer  unknowns  than  the  moment  method, 
but  there  can  also  be  dramatic  savings  of  CPU  time.  For  the  first  test  case,  our  solutions  took  1141 
CPU  seconds  for  the  volumetric  moment  method  (granted,  a  auimr.e  integral  formulation  should  be 
quicker)  and  only  37.1  CPU  seconds  for  the  10  unknown  T-Matrix  solution.  Both  solutions  were 
generated  on  a  VAX  8650  machine  using  numerical  integration  sampling  which  was  adjusted  until 
no  significant  changes  occurred.  The  self-impedance  terms  in  the  moment  method  solution  were 
computed  efficiently  with  an  approximate  singularity  avoidance  method  developed  by  Richmond 
[10].  In  addition,  one  should  note  that  as  the  dielectric  constant  increases,  moment  method  solutions 
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Figure  4:  Magnitudes  of  Sc  ottered  Field  Expansion  Coefficients  (Even  Modes)  for  1A0  x  1A„  Dielectric 
Cylinder,  T A/_- ,  <r  =  2,  Fj  :ed  Incidence  at  <t>  =  0  (Normal  to  a  face) 


require  more  basis  functions,  but  the  T-Matrix  solution  only  needs  enough  unknowns  according  to 
the  size  of  the  body  in  free  space  wavelengths. 

An  important  drawback  of  the  T  Matrix  method,  however,  is  the  tendency  for  the  solution  to 
become  numerically  instable  for  large  matrices.  This  instability  comes  from  the  inability  to  accurately 
invert  the  [QJ]  matrix,  or  to  solve  Eq  (12)  by  Gaussian  elimination.  The  condition  number  of  the 
|<3f)  matrix,  defined  as  the  absolute  value  of  the  ratio  of  the  largest  to  smallest  eigenvalues,  is  a  good 
indicator  of  the  numerical  stability  of  the  solution  [9].  For  this  test  case,  when  5  modes  were  used, 
the  condition  number  lor  [QJ]  was  a  mere  1.30.  For  the  case  of  10  modes,  which  was  adequate  for 
convergence,  the  condition  number  rose  to  17.80.  For  the  case  run  with  20  modes,  we  obtained  the 
same  scattering  pattern,  but  the  condition  number  for  [Q7]  grew  to  696.36.  Thus,  as  one  chooses 
to  solve  the  problem  with  more  modes  than  necessary,  one  may  pay  th?  price  of  dealing  with  an 
ill-conditioned  matrix.  T-Matrix  implementation  on  geometries  of  high  aspect  ratios  (R„/Ri  from 
Figure  1  being  large)  tend  also  to  give  ill-conditioned  matrices. 

5.  CONCLUSION 

The  T-Matrix  method  proves  to  be  a  powerful  method  relative  to  some  moment  methods  for  certain 
scattering  problems.  This  paper  provides  the  development  of  T-Matrix  scattering  analysis  on  arbi- 
ttarilv  shaped  dielectric  cylinders,  an^4  rives  numerical  results  for  a  square  cross-section  cylinder  in 
the  TM:  polarization.  These  results  decisive  advantages  relative  to  typical  volumetric  moment 
method  results,  though  in  other  cast  T-Matrix  may  not  be  nearly  so  attractive. 
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EMAG  2.0  -Enhanced  2D  Electrostatic  and  Magnetostatic  Salver  in  MATLAB 


David  r.  Wdlt  m*  Jovaa  E.  Labaric 
Naval  IfeeSgreduate  SM,  Mute  re;,  CA  *3*43 


EMAG  it  a  finite  difference  (FD)  MATLAB  'toolbox'  tor  solving  2-D  chm  rod  site  and  magnetostatic  field  problems  that 
aleo  provides  visual  representation  of  ekunc  or  sragnatir  fields  sad  potentials.  This  paper  describes  EMAG  and  its 
recent  exMaalon  for  rmmnaalh  symsaetnc  probiems  A  method  to  imp‘emenl  an  open  boundary  for  FD  problems  in 
rartrsisn  and  cylindrical  coordinates,  retag  spaciai  equations  far  tbs  nodes  on  tbs  FD  (rid  boundary,  is  also  presented 
Finally,  sample  EMAG  rambs  for  both  "z-uwariant"  aad  mtarinnally  symmetric  problems  SR  presented,  comparing 
these  results  to  analytic  solutions  whan  such  ate  available.  The  theory  behind  EMAG  is  outlined  using  electrostatic 
equations.  EMAG  sulvq  msgnrtostttks  problems  nsiiig  ms(nelostriici  duals  of  the  clectroslalics  equations. 

EMAG  Dcaciiptiaa 

EMAG  solves  sjectrosHiic  aad  msgnrbrenir  Poisson  equations  on  a  uniform  square  grid  subject  to  a  distant  Diiicltlci 
boundary  of  zoo  potential  This  boundary  is  inqyoeed  for  beyond  the  edges  of  the  computational  grid  Users  define  a 
problem  (media,  sources)  of  thro  chaise  on  a  computational  grid  using  mouse  and  keyboard  Dielectric  and  Perfect 
Electric  Conductor  (PEC)  objects  can  be  defined  for  stertrosmir  probiems  while  magnetic  and  Perfect  Magnetic  Relucior 
(PMR)  objects  can  be  defined  for  magnetostatic  problems  The  EMAG  grid  is  effectively  'surrounded"  by  free  space  by 
employing  i  technique  we  ttfa  to  ea  Transparent  Grid  Termination  (TGT).  Using  TGT  to  implement  an  "open 
boundary".  EMAG  solves  discraiaed  Poisson  equations  for  electric  and  magnetic  potentials  on  either  a  coarse  (17  by  17) 
or  fine  (51  by  31)  grid.  EMAG  provides  graphical  displays  of  electric  or  magnetic  fields,  equal-potential  lines,  or  mesh 
plots  of  electric  or  magnetic  potential  EMAG  is  also  capable  of  calculating  enclosed  charge  in  e  user  specified  area  on 
the  electric  field  plot  or  enclosed  current  an  the  magnetic  field  plot. 

The  first  version  of  EMAG  solves  problems  that  are  invariant  along  an  infinite  axis  info  and  out  of  the  computational 
grid.  Thia  implies  infinitely  <ong  structures  and  la  applicable  to  solving  problems  like  wiles  at  known  potential,  lines  or 
charge,  parallel  strips,  etc.  The  latest  version,  EMAG  2.0,  solves  the  same  z-invarianl  systems  at  its  predecessor  but  can 
also  solve  prubtesns  with  rotational  symmetry  EMAG  2.0  users  solving  s  rotetionslly  symmetric  problem  draw  the 
right-hand  tide  of  the  "meridian"  cross  section  of  Ihdr  problem,  thus  mailing  the  left  bonier  of  the  computational  grid  the 
axis  of  symmetry.  Output  is  diaplayed  in  a  similar  manner  so  that  nene  of  the  display  area  is  "wasted"  with  s  mirror 
image  of  the  plot.  EMAG  2.0  has  been  set  up  to  that  the  axil  of  rotational  synunetiy  is  exactly  between  the  nodes  making 
up  the  led  side  of  the  computational  grid  and  the  nodes  making  up  the  left  side  of  the  TGT  boundary,  because  of 
rotational  symmetry  that  requires  that  potentials  be  identical  at  points  equidistant  from  the  center  line.  Consequently ,  the 
computational  grid  for  rotatiopally  symmetric  problems  has  a  Neumann  boundary  of  zero  gradient  on  its  lefl  end  a  distant 
Dirichlet  boundary  with  zero  potential  for  Its  remaining  three  skies.  Since  the  Poisson  equations  snd  the  boundary 
condition*  for  the  lefi  side  of  the  (rid  for  z-invariesl  snd  routionilly  symmetric  systems  are  different,  so  are  their 
associated  TGT  codEdcnu. 

Transparent  Grid  TuMMsiiws  (TGT) 

The  TGT  expresses  the  nodii  potentials  on  the  computational  grid  boundary  (TGT  boundary)  as  weighted  sums  of  lire 
potentials  of  the  nodes  forming  the  layer  just  inside  the  TGT  boundary  The  equations  for  the  nodes  on  th:  TGT 
boundary  are  thus  of  the  "global*  ariely,  linking  a  node  on  the  TGT  bouadaty  to  each  and  every  node  on  the  layer  just 
inside  the  boundary,  as  illustialcd  in  Figure  I.  The  TGT  boundary  coefiidcnu  art  caknloltd  only  onct  and  stored. 
These  tune  coefficients  ire  used  over  snd  over  when  solving  different  user-defined  problems.  TGT  thus  eliminates  the 
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need  lot  nsaay  free  raracc  "bufhr"  ceils  batiwsn  the  sources  aad  the  DirichM  boundaiy,  thereby  tusking  it  possible  to 
solve  apeaheendery  problseae  quickly  end  irnneM)  oa  e  PC  The  TGT  idee  ii  IUeetn>ed  by  the  "system  matrix" 
topology  ia  Pigma  2.  Thie  depicts  the  ipemty  patten  fee  the  diecntiaed  lepleriee  epanaor  (using  'spiral"  oode  labeling 
rather  thee  "teeter*  node  Utiog))  aed  meeeiate  the  linlrige"  aaoag  the  aodee  wuhra  the  EMAG  ocaaputational  grid 
and  oo  the  TOT  bnaaihry.  Empty  araae  o f  the  nap  (eeree)  represent  paire  of  aadee  that  are  unrelated  (most  aodee  ate 
"roan need*  to  jaut  fear  raagbbara)  The  oeatnl  tri-dtagoaal  line  nr.eeeatt  the  node  "ndf  term*  end  the  linkage 
beneaaa  three  "oeaeer "  aadee  and  their  aeighbort  to  the  "right"  end  "led".  The  oner  diagonal  liaee  repneent  the  Unite 
Uttme  Bdda  aad  their  aaighhon  'above'  ud  jeioer'  Finally,  the  denar  equate  era  ia  the  upper  left  ihovn  the 
nosMmo  TOT  noedWletaa  iiafaag  each  node  oa  the  TGT  boaadary  to  nary  node  an  the  layer  jua  inside  this  boundary. 
The  ter  nee  hi  thie  ayaare  ngioa  ere  era  peabieiu  depeadfl,  asor  they  npraeen  the  "oaapreeeed"  tree-space  between 
the  TOT  b  nan  dee]'  aad  a  diraeat  Pirirblei  boaadary  Three  eatriee  ("coefljcteate")  depaad  only  oa  the  "thickncee"  of  the 
nnaqireeeed  free  epata.  that  lean  the  —her  of  free  gam  aodee  between  the  TOT  and  the  dltteni  Pirichlet  houndery  dm 
hew  been  "pwapreaned*.  The  arattia  epartay  pattern  thue  reveals  the  uas  of  both  "local"  and  "global"  relationship 
between  varina  aodee  aflhe  aaa  oorapataeieall  grid. 


Figure  1 :  TOT  Idee  Figure  2:  System  Matrix  Sparsity  Pattern 


We  have  developed  two  diderant  methods  to  "link"  ■  layer  of  aodee  having  e  distant  Dirichlet  boundary  to  the  next  inner 
layer  of  nodes  and  ao  raimliw  the  ixafllcieaU  of  the  TGT  equstione  (entriee  fax  the  dense  square  region  of  the  system 
matrix  shown  ia  Fipm  2  )  One  is  the  probabtliBic  Monte  Carlo  Method  (MCM)  while  the  othei  method  uses  matrix 
Stqnoodt  to  ’oraapseet"  1  distant  Diridtkt  boundary  inward  Both  approaches  ire  based  upon  discretized  Laplace 
aquations  far  homograeoua  madia  Given  below  an  2  1  diacrarizcd  Laplace  aquations  lor  electric  scalar  potential: 

4>,  +■  +•  4».  4-  -  4  <l»t  -  0  for  7>invarunl  nrnhlemc 

4y |i  -  |i  *  b-  J  nt| ,  i.o  .  o  for  rotationally  symmetric problems 

From  Ike  above  aquatkns,  it  can  be  seen  that  the  potential  at  any  given  node  (subacript  c  for  "center")  is  a  weighted 
average  of  the  potentials  of  its  neighbors  above  (tnp) ,  below,  and  to  III  right  or  left  (subscripts  t,  b.  r  and  I  respectively). 
Note  tbit  for  z -invariant  problems  the  weighting  factors  are  constant  while  for  the  routionally  symmetric  problems  the 
weighting  factors  art  nmriioni  of  redial  distance  from  the  axis  of  rotation 
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Applying  the  Motet  Corf*  MW  wo  dsvsloptd  a  MATLAS  program  U  'nlwe'  •  Owl  umber  o !  "random  walkers" 
ftcm  a  starting  point  on  the  TOT  grid  *0  that  they  coold  walk  flaoiyaboallh*  huger  zona  betwnaa  ih«  mm1»u.uinn«l  grid 
tad  Its  tkararx  Dirkhlat  boundary.  At  each  Wap  in  thair  Journey,  individual  walker*  take  liar  next  rtep  baaed  on  the 
weighting  nnaffitiaali  (iaaapnud  a  probabilite  a f  moving  in  such  of  UK  far  possible  directed*)  and  the  output  of  a 
randan  number  penenaor.  Far  the  x-avariam  cam,  the  wulkcts  an  always  pvu  a  1/4  probability  of  moving  up,  down, 
tight  or  Ml  daa  thaLaplaoa  equation  mm  that  the  potential  of  aay  node  in  the  butter  none  baa  a  potemial  equal  to  the 
avenge  of  tbe  potentiate  ofaach  of  ha  four  neighbor.  The  prababiUtiae  an  unequal  for  the  erne  of  rotational  symmetry 
once  Lapteoe  nation  ooetBoaam  an  fanotroaa  cf  the  walker's  radial  ihdaane  Ikon  the  uu  of  rotation.  Regardleee  oT 
the  type  of  pmhiaia.  the  walkars  will  manually  land  on  either  tha  aero  poaaotial  Dirichlet  boundary,  or  on  the  layer  of 
nodee  Joel  ineide  the  TOT  boaadary.  la  the  farmer  can,  our  prugam  ‘diacarda’  the  wallnta  luflo  give  (hem  veto 
potential)  while  la  ton  latter  cam  the  walhma  an  trapped*  (arch  that  they  do  aoi  continue  walkingj  and  counted  Once 
all  (or  anon  perontaga  each  aa  »  W%)  of  tha  nteaaad  walhma  hava  boon  accoumed  (or  (i.t.  ether  trapped  or 
discarded),  the  number  trapped  at  each  inaer  layer  node  in  divided  by  tha  nuabar  of  walkon  originally  rcieaied.  Thii 

proooduie  rendu  in  a  tat  of  oodBoanta  re  Lacing  tha  potaatial  of  tha  Welker1*  initiai  — 1 - node  to  all  nodee  on  the  grid 

layer  jam  iasxic  the  TGT  Uxmdeiy.  Thu  pcocem  ia  repeated  far  each  node  on  the  TGT  boundary  with  a  matrix  or  TGT 
oorffidnuU  aa  the  result  PradbXabiy,  amny  walkan  anal  bn  toleamd  (ran  each  Matting  node  to  get  a  liable  rtcult  for  llie 
TGT  nultv iauU  Cbooulng  too  few  vealkcra  reeulU  in  eoom  of  die  TGT  coaflWrinnU  being  mm.  In  general,  tbit  number 
li  rotated  in  tha  cuaeptamltinal  grid  i»ae  and  the  diauace  from  be  TGT  hoaadaty  In  tha  Dirichlat  boundary.  Werepiemnt 
Ihu  diamnoe  m  a  raho  f  oompnamoT  rate)  of  the  Dirichlet  boundary  grid  tin  (muter  of  nodee  on  the  Mnchlci 
boundary)  to  the  oomputattoaal  grid  Mac  (number  of  nodea  an  the  TOT  boundary)  The  oompnaaion  rate  ia  an  iuipoiuril 
factor  (regmdlca  <f  fan  taalhnd  rlinaaa  for  calculating  the  TGT  coafnckma)  wnca  Urn  Diridda  boundary  ehould  ideally 
be  at  infinity  (infinite  ooupnadon  rate)  We  have  attained  the  compraaatun  ratio  of  15:1  far  EMAG  (the  larger  the 
eximpraraion  rate,  the  better  TGT  bnumfaty  emulate  infinite  fine  (pare).  The  number  cf  Walken  waa  choaen  lo  be 
MO, 000  per  TGT  node  baaed  on  the  rwaWmemory  limiiateaa  of  tha  computer  (4gg-clam  PC)  uaed  far  the  calculation  or 
TGT  ooefflaeUi  While  U»r  corrpultten  tune  uaiag  thil  method  inrramn  linearly  with  the  number  of  walken  chotgt,  n 
mcmeeii  much  more  rapidly  wilh  inertaung  the  ooenptesskxn  rate  Memory  nqulnd  far  the  computation  alao  verier 
diraedy  with  number  cf  walker*  cboecn  but  ia  oompleiety  unaffected  by  the  nranpnaotqi  rate  Furthermore,  one  orn 
avoid  excise  ve  mrunry  rac  by  simply  repeating  tha  procedure  many  llama  lad  avsrtgag  tha  naaltf.  Tl.c  advantage  of 
the  Monte  Carte  method  (with  respect  to  the  matrix  approach)  can  he  Billy  realized  on  a  amatively  parallel  computer 

The  matrix  aalati—  method  of  develop  Las  the  TGT  ooalBdnnte  is  a  aura  ‘arable’  app.oech  In  that  il  does  not  involve 
randan  avardi  Uke  tha  Monte  Carlo  method  While  the  matrix  uhaion  method  produces  identical  imulu  far  the  TGT 
coefficients  time  and  tinao  again,  the  Monte  Carlo  method  in  princrpla  novel  produces  Ibt  same  reault  twice  (although  die 
variations  are  made  small  In  riztisdcal  mac  by  using  large  numbers  of  walkan).  The  accuracy  of  the  matrix  method  ii 
limited  only  by  the  numerical  prmsstoo  of  Ihr  computer  However,  unlike  far  the  Monte  Carlo  method,  both  compuiailon 
time  and  memory  grow  with  increasing  the  coaptessirai  ratio  Large  memory  requirement  far  a  large  compression  ratio 
is  the  major  drawback  of  die  matrix  sohiteu  method  The  matrix  method  rurts  with  three  matrices.  One  matrix  relates 
I  he  nodes  an  a  grid  laye  jut  Inside  the  Dirlcblel  boundary  (call  il  layer  B)  lo  the  nodes  on  the  Dirichlet  boundary  layer 
(call  k  layer  A),  representing  the  linkage  of  the  nodes  on  the  B  layer  to  their  neighbors  ’above’  (A  layer).  This  matrix 
ha  only  one  noa-zero  entry  per  row,  since  each  node  baa  only  one  neighbor  on  the  layer  ‘above’.  The  recond  matrix 
relates  the  nodes  of  the  B  layer  to  their  neighbor*  on  the  hum  layer.  This  matrix  has  three  non-rero  entries  per  row 
(center  nods  ‘afif-Sana*  and  its  linkage  lo  the  neighbors  tv  the  kfl  and  to  the  right)  The  third  matrix  reixter  the  nodes  of 
the  B  layer  to  the  nodes  of  Ihr  next  layer  inward  (layer  C).  This  matrix  also  has  only  one  non-zero  entry  per  tow  since 
there  is  only  one  neighbor  cm  the  layer  "below*.  The  matrix  farm  cf  (he  discretized  Laplace  equation  for  the  nodes  on  the 
B  layer  at  the  ‘center'  nodes  etui  be  written  as: 

BJl^  -  B.|.>  +  B,|c>  (1.) 

Next,  the  matrices  relating  the  nodes  of  layer  C  to  Ihar  neared  ndgfabon  are  famed  in  exactly  the  same  manner.  These 
maniocs  have  the  same  "pattern*  as  the  B  layer  matrices  but  are  smaller  (as  we  progress  inward  iheir  are  fewer  and  fewer 
i* 'd*s  per  layer). 


C,|c>  -  C.|b>  +  CJ,!>  (2.) 
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Since  tin  Dirichkt  boundary  nocks  arc  it  zero  potential,  we  have  \n>  -  0.  Thil  allows  US  to  express  the  nodal  i>otential 
on  the  C  layer  (vector  |c>)  as  follows: 


CJc>  -  C,(VB,tO  +  <\\i> 

(3) 

(C.-C/BJ1  B.)|c>  -  C,|d> 

(4.) 

or,  using  the  matrix  inverse: 

|0»  (C.-C/BJ1  B,)'Ct|d> 

(5) 

Note  that  tins  agwuw  the  nodal  potentials  on  one  layer  (layer  C)  in  terms  of  the  nodes  one  layer  inward  (layer  D)  As 
this  layer  elimination  ptogrsa—  inward,  the  expressions  become  lengthier  so  we  define  "termination"  matrices  T\,  for 
each  node  foyer  as  foUaws: 

r,-B» 

(6) 

r.-  c.-cjvb. 

(7) 

This  proems  can  be  oorsiimcirt  inward  and.  In  general,  we  can  write  an  expression  for  nodal  potentials  of  a  layer  (say  M-th 
layer)  in  terms  of  the  nodal  potentials  of  the  layer  just  "below"  (N-th  layer)  as: 

|m>  -  (TJ  'M>> 

(») 

Where  the  termination  matrix  for  the  M-th  layer  can  be  ex,  reesod  recnrsivtly  as: 

r.-M.-M,(T,)'Lv 

(9) 

(Note  that  the  layer  above  tl«  M-th  layer  is  the  L-th  layer.)  Vv.icn  this  process  is  performed  iteratively  down  to  Utc  layer 
of  nodes  that  makes  up  the  TGT  boundary  (say  layer  M  la  the  TGT  bon  iidaiy),  the  TGT  coefficients  are  obtained  by; 

TGT  -  (r_)  M. 

(10.) 

Them  TGI  coefficients  are  as  clone  to  those  obtained  from  the  Monte  Carlo  Method  approach  as  possible  given  that  the 
Monte  Carlo  TGT  coefficient  are  always  subject  to  small  random  perturbatio  n,  In  either  case,  the  boundary  condition 
compression  goal  is  achieved  and  the  results  using  TGT  are  txactly  On  some  as  the  results  obtained  by  solving  a  much 
largrr  problem  on  a  oonputstional  gud  in  direct  contact  with  the  Dirichlct  boundary.  Furthermore,  u  will  be  shown  in 
the  next  section,  EMAG  results  using  TGT  are  very  accurate  when  compared  to  analytic  solutioiu.  As  a  demonstration  of 
lire  two  methods  of  calculating  TGT  cocfllricnU.  the  rotitionally  symmetric  problems  presented  have  been  solved  using 
Monte  Carlo  TGT  coefficients  while  the  z-invariant  problems  have  been  solved  using  oocflicknlx  obtained  via  the  matrix 
solution  method. 

EMAG  2.0  Examples 

Erssph  I  The  following  example  is  ■  demonstration  of  EMAG't  accuracy  in  solving  rotationally  symmetric  problems. 
On  the  left  is  a  plot  of  equal -potential  lines  for  a  charged  ring  (1  nOm  line  charge  density)  of  1  meter  radius  and 
portioned  0,4  meters  temvt  the  bottom  tide  of  the  TGT  boundary  The  left  edge  of  the  plot  is  the  axis  of  rotation  The 
graph  on  the  right  temws  the  magnitude  of  the  decthc  field  on  the  axis  of  rotation  as  a  fraction  of  position  along  the  axis 
of  rotation  for  the  exart  (analytic)  solution,  EMAG't  17  by  17  grid  (coarse)  solution,  and  EMAGi  31  by  51  grid  (fine) 
solution 


SIS 


Ring  of  Charge 


Figs  re  3:  Equal  Potential  Linea  tor  a  Ring  of  Charge 


|E|  Along  Axis  of  Chargad  Ring 


z  (meters) 

Figure  4:  Electric  Field  magnitude  Along  the  King  Axis 


r^mfU  II  Thu  cxampk  demonstrates  EMACFs  accuracy  in  solving  a  z4mrariant  problem  and  illustrates  how  TGT 
doaaty  approximate*  an  onan  boundary.  On  the  left  ii  a  croc*  sectional  potential  plot  for  an  infinka  line  of  cliargc.  Note 
that  the  lines  of  equal  potential  are  circles,  and  tie  not  distorted  by  the  proximity  to  the  TOT  boundary  as  they  would  be  if 
the  Dirichkf  boundary  were  in  contact  with  the  computational  grid.  Note  that  the  source  has  been  placed  in  the  corner  of 
the  end  which  represents  the  "worst  case"  for  advene  affect  of  an  "imperfect"  open  boundary.  The  graph  on  the  right 
shows  the  magnitude  of  the  electric  field  along  a  vertical  line  one  meter  away  from  the  source  as  calculated  using  the 
analytic  solution,  EMAG*s  coarse  grid  solver,  and  EMACi  fine  grid  solver. 


Infinite  Una  of  Charge 


0  u.5  1  1 .5 


maters 

Figure  5:  Equal  Potential  Lin*  for  a  line  of  Charge 


Infinite  Una  of  Charge 


maters 


Figure  6;  E-field  Magnitude  vs.  Vertical  Coordinate 


ExmtpUa  III  A  IV  These  examples  demonstrate  EMAG  s  utility  id  solving  complicated  problems  for  which  there  is  no 
analytic  solution.  The  plot  on  the  left  depicts  the  effects  of  a  highly  permeable  body  (a  submarine)  on  the  field  lines  of  a 
uniform  magnetic  field  (relative  permeability  of  the  submarine  "shell”  is  1,000).  The  plot  on  the  right  shows 
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non-tuftouleai  airflow  streamlines  around  an  airplane.  (Non-hirtmknt  airflow  problems  can  be  described  by  Poisson 
equation.) 


Figure  7 :  Submarine  Perturbing  a  UnL'ucin  Magnetic  Field  Figure  ft:  Non-Tuibukait  Airflow 

ExmmpU  V  This  final  naarnplr  shows  (be  equal -potential  contour  plot  for  two  “coupled"  raicrottrip  lines  at  potentials 
of  +1V  and  -IV.  The  aubatrite  relative  ponmtiivity  is  10  and  the  ground  plane  ii  of  finite  extent  (the  width  of  the 
computational  grid).  The  plot  to  the  left  la  the  mcah-plot  of  the  potential  acton  the  grid,  with  the  strips  at  +1V  and  'IV 
clearly  viasblc.  Note  that  the  potential  along  the  TOT  boundary  Is  not  constant,  as  it  would  be  the  case  for  a  Dirichlet 
boundary.  The  plot  to  the  right  shows  the  lines  of  equal  potential  for  the  microstrip  lines. 


Figure  9:  3-D  Mesh  Pkx  of  Potential  for  Coupled  Miciotuip  Figure  10:  Lines  of  Equal  Potential  for  Coupled  Microstrip 
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Using  Numerical  Electromagnetic  Code  (NEC) 
to  Improve  Student  Understanding  o. .  lonopolt  Antennas 
and  to  Design 

a  Two  Element  Monopole  Array 


by  Prof.  M.  E.  McKaughan 
•iid  LCDR  W.  M.  Randall 
USCG  Academy 


ABSTRACT: 


To  help  a  tint  semester  student  of  electromagnetics  visualize  radiation  pattern!  or  undemand  reflection 
coefficients  and  input  impedance  ia  not  a  challenge  for  the  weak  of  hear  t.  Some  student!  believe  that 
antennal  and  electromagnetics  ate  pun  magic;  outen  get  bagged  down  in  the  mathematics;  and  a  few 
believe  these  topics  are  irrelevant  to  their  future  as  electrical  engineer!.  To  dispel  this  Tear  of  the 
unknown  and  to  kelp  students  understand  antennas  better,  we  have  developed  a  unique  laboratory 
experiment  for  our  antennas  and  propagation  claas.  The  experiment  uses  Numerical  Electromagnetic 
Code  (NEC),  a  networic/spectnim  analyzer,  and  an  anechoic  coiner  (we  could  not  afford  the  space  or 
cost  of  having  a  full  anechoic  chamber,  so  we  set  up  a  comer  of  one  of  our  labs  to  take  field 
measurements).  Last  year  the  idea  of  hiving  the  students  design  their  own  antenna  array  was  tested  and 
was  a  great  success.  This  year  the  experiment  was  improved  and  expanded  It  has  been  divided  into 
three  parts: 

(A)  An  introduction  to  the  equipment. 

(B)  An  evaluation  of  a  monopote  vnwnns. 

(O  An  open  ended  project  to  design  a  two  element  array  with  one  driven  element  and  one  parasitic 
element.  At  the  conclusion  of  the  project,  the  ai-nys  are  entered  into  a  contest  to  determine  the  best 
design. 

The  lab  combines  many  of  the  skills  any  electrical  engineering  graduate  should  possess  snd  helps  meet 
ABET  accreditation  design  requirement*.  A  copy  of  the  lab  and  ideas  for  continued  improvement  are 
offered. 

INTRODUCTION: 

Eton!  to-back  ratio,  input  impedance,  matching,  reflection  coefficient,  antenna  patterns....  All  these 
terms  are  foreign  to  a  first  semester  student  of  electromagnetics.  To  help  a  student  visualize  radiation 
patterns  or  understand  reflectio  coefficients  and  input  impedance  is  not  a  challenge  for  the  weak  of 
heart.  Some  students  believe  that  antennas  and  electromagnetics  are  pure  magic;  others  get  bogged 
down  in  the  mathematics,  and  a  few  believe  these  topics  are  irrelevant  to  their  future  as  electrical 
engineers,  The  Numerical  Electromagnetic  Code  (NEC)  software  package  lias  provided  us  with  a  tool  to 
help  the  first  semester  student  to  understand  simple  antennas  and  the  irrmi  that  describe  them.  With 
NEC  ■  s indent  may  pioi  uic  cieciric  rieid  as  a  function  of  a  or  u,  piot  u,  current  vs.  length  for  a  variety 
of  frequencies,  and  examine  the  impact  of  frequency  on  input  impedance. 

At  is  the  case  with  many  small  undergraduate  electronic  engineering  programs,  we  offer  only  one 
course  in  antennas  and  propagation.  In  this  course  wt  cover  Maxwell's  equations,  transmission  lines, 
boundary  conditions,  and  antennas.  To  cover  this  nw.crial  in  a  lb- week  semester  requires  imaginative 
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tool).  At  the  United  States  Cotit  Guild  Academy  we  have  developed  a  laboratory  exercise1  that 
conbinej  the  use  of  NEC  with  the  use  of  a  network  analyzer  and  an  "anechoic  comer''  (we  could  not 
afford  the  space  or  cost  of  having  a  full  anechoic  chamber,  to  we  set  up  a  comer  of  one  of  our  labs  to 
ukc  field  measurements).  We  challenge  the  students  to  understand  the  impact  of  length,  spacing,  and 
frequency  on  antenna  performance  and  to  design  a  two  element  Yagi-Uda  array.  To  help  in  their  design 
process,  the  students  were  given  several  references  including  Antannas  by  ].□.  Kraus,  Antenna 
Theory,  Analysis,  and  Design  by  Constantine  Balanii,  and  Principles  of  Radar  from  the  MIT 
RADLAB  Series. 

THE  LABORATORY  EXPERIMENT: 

The  laboratory  exercise  is  divided  into  three  pans  with  a  little  competition  to  add  some  incentive.  The 
three  pan*  are: 

(A)  An  introduction  tu  the  equipment 

(B)  An  evaluation  of  a  mooopole  antenna.  The  students  are  required  to  plot  the  input  imped  ces, 
frequency,  current  versus  length  for  a  variety  of  frequencies,  and  the  radiation  patterns. 

(C)  An  open  ended  design  project  to  design  a  two  clement  array  wit')  one  driven  element  and  one 
parasitic  element.  The  adjustments  to  the  array  are  controlled.  At  the  conclusion  of  the  project,  the 
arrays  are  entered  into  a  co,  >  test  to  determine  the  best  design. 

PART  A:  Equipment  Operation 

In  part  (A)  the  students  arc  introduced  to  the  equipment  used  for  modeling  and  measuring  antenna 
radiation  patterns  and  antenna  driving  point  impedance. 


Anachok;  That  Equipment  Satup 


G 


HPIB  Interlace  cable 


3 


They  are  introduced  to  Numerical  Electromagnetics  Code  (NEC)  cotnpilrd  for  the  Macintosh™,  our 
anechoic  comer  controlled  hv  an  HP  9816  computer,  and  a  Hewlett  Packard  HP-4195A 
Network/Spectrum  Analyzer  for  measuring  input  impedance.  Part  (A)  is  not  worth  many  points,  but  we 
hsve  found,  over  the  past  two  years,  that  if  we  require  the  students  to  write  down  all  of  the  operating 
instructions  we  save  ourselves  a  great  deal  of  time  and  effort. 


1  A  complete  copy  of  our  laboratory  exercise  is  included  in  appendix  (A). 
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Part  B:  Evaluation  of  a  Mono  pole  Antenna 

For  thii  Motion  of  the  lab  the  students  evaluate  a  standard  commercial  antenna.  They  investigate  input 
impedance  aa  a  function  of  frequency,  current  v*.  length  of  the  antenna  for  a  variety  of  frequenciei,  and 
antenna  putemi.  For  the  Coast  Guard,  the  communication!  antennal  in  the  high  frequency  (HF)  range 
muit  work  across  a  full  decade  (3-30  MHz).  Thii  range  and  the  limited  ipace  on  a  ihip  after  tome  very 
real  problems.  Becauac  of  thii,  we  chooae  a  33  foot  whip  antenna,  one  of  the  Coast  Guard's  most 
common  HF  antennal,  for  this  portion  of  the  lab.  The  33'  whip  is  found  on  every  Coast  Guard  Cutter 
from  the  largest  polar  icebreakers  to  small  coastal  buoy  tenders.  We  simplified  the  model  of  the  antenna 
by  assuming  a  very  thin,  constant  diameter  instead  of  the  tapered  design  normally  seen  in  use. 

Part  C:  Design  a  Two  Eltment  Array 

The  last  part  of  the  lab  is  an  open  ended  design  project.  Design  problems  are  an  excellent  teaching  tool. 
Using  NBC  and  the  ancchoic  chamber,  the  students  am  required  to  design  a  two  element  array  with  one 
driven  element  asid  one  parasitic  element  Car  a  frequency  of  10MHz.  They  have  the  option  of  adjusting 
the  length  of  both  elements  and  the  distance  bom  the  origin  of  the  parasitic  element.  The  results  arc 
compared  using  the  formula: 

(l-r)*l(nuuimimi  gain -minimum  maximum  gxirv- minimum  gsin)AUT] 


RESULTS: 

This  lab  provides  the  student  to  develop  their  insight  of  antennas.  We  did  not  get  very  many  comments 
on  the  first  two  pans  of  the  lab  because  of  the  short  answer  format  we  decided  to  use.  Wc  went  with 
short  answers  to  reduce  the  amount  of  time  they  spent  on  these  sections.  As  wc  stated  above,  part  (a) 
was  more  to  save  us  from  answering  questions  on  the  equipment  than  it  was  to  teach  them  anything 
about  antennas. 

After  the  lab  was  written  and  the  students  had  started  the  work  on  part  (b),  wc  felt  that  wc  were  missing 
something.  We  felt  the  lab  should  include  some  way  of  looking  at  the  impact  of  an  additional  structure. 
Our  solution  was  to  build  a  small  copper  house  that  could  be  added  to  the  table  in  the  anechoic  chamber 
and  have  the  students  look  at  the  pattern  with  the  house  "in  the  way."  At  first  we  received  comments 
about  the  house  having  no  impact.  We  found  (hat  the  frequencies  students  selected  for  the  test  were  too 
low.  Our  solution  for  neat  year  is  to  add  a  summary  question  to  part  (b),  looking  at  the  impact  of  the 
house  as  a  function  of  frequency. 

A  second  problem  we  encountered  was  with  our  formula  to  compare  the  designs, 

(l-r)*[(muinim  sun-minimum  gain^^v^muunmm  gain-minimum  gun)^^] 

The  problem  was  that  wc  did  not  have  enough  control  over  the  numbers  that  went  into  the  formula.  In 
hindsight  wc  should  have: 

a. )  Modified  the  radiation  pattern  card  in  the  NEC  run  file  to  include  the  directive  gain  instead  of 
the  power  gain  and  should  have  used  those  numbers; 

b. )  Defined  what  input  impedance  should  be  used  to  calculate  F; 

c. )  Controlled  the  power  supplied  to  the  transmitting  antenna  in  the  anechoic  chamber. 
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CONCLUSION: 

The  insight  the  students  gained  front  this  experiment  is  bett  repressed  in  their  own  words.  Cadet  2/c 
(a  junior)  Kevin  Carroll  wrote,  "The  knowledge  gained  in  this  project  helps  me  dramatically  in  the 
understanding  some  of  the  material  covered  in  class  about  chapter  9  (Electromagnetic  Fields  & 
Waves,  by  Magdy  Iskander)."  He  added,  "I  alto  got  an  important  look  at  engineering  work  such  ss 
repeat  trials  and  failures.... I  wis  able  to  start  putting  different  concepts  together  to  help  solve  problems." 

We  all  know  that  our  mistakes  are  often  our  best  teachers.  3 Jc  Enc  Smyth  wrote,  "We  did  not  keep  an 
accurate  log  of  our  design,  step  by  step,  in  order  to  follow  any  trends  that  might  have  arisen  from  our 
numerical  analysis."  This  is  a  lesson  that  we  all  had  to  leant.  If  he  has  learned  it  before  it  impacts 
anything  but  his  grade,  it  is  a  successful  lesson. 

We  will  continue  to  use  this  lab  exercise  in  our  course.  One  of  the  most  important  considerations  is 
to  ensure  that  the  students  have  sufficient  time  to  work  through  the  entire  design  process  with  its 
frustrations  and  its  rewards. 
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Study  of  a  Mnwnnole  Antenna  ahove  a  Ground  Plane  & 
Design  of  a  Two  Element  Array  of  Monapole  Antennas 


Name _ Lab  Sec  dor  &  Instructor _ 

In  this  th'i)e  pan  laboratory  exercise  you  will  learn  to: 

1.1.  (5  points)  Use  the  lab  equipment,  including: 

1.1.1  Numerical  Electromagnetics  Code  (NEC) 

1.1.2  Anechcic  Clumber  w/  Hewlett  Pickard  computer 

1.1.3  Network/Spectrum  Analyzer 

1.2.  (30  points)Evaluate  a  simple  antenna: 

1.2.1 .  Look  at  input  impedance  as  a  function  of  frequency 

1.2.2.  Look  at  current  as  a  function  of  frequency 

1.2.3.  Look  at  pattern  at  the  horizon  wth  the  test  set-up 

1.2.4.  Look  at  the  pattern  ax  a  function  of  the  azimuth  angle  with  NEC 
1.23.  Look  at  the  impact  of  an  additional  structure  added  to  the  groundplane 

(either  another  antenna  or  same  type  of  box) 

1.3.  (65  points)  Design  a  two  eksuent  array  using  NEC  and  the  anechoic  chamber  to  attain  the 
maximum  front  to  back  ratio  and  the  lowest  reflection  coefficient  (G).  The  formula  for  comparing  the 
results  between  groups  it: 


(1-G)*((maximum  gain-minimum  gain)jq£^f(maxiraum  gain-minimum  gain^jj-j-] 


First  place  is  worth  5  extra  credit  points,  second  place  is  wot  Jr  3  extra  credit  points,  and  third  place  is 
worth  1  extra  credit  point. 

7.. 0. REPORTS  REQUIRED: 

2.1.  For  parts  1.1  and  1.2.  each  student  is  required  to  answer  the  questions  at  the  end  of  this  lab 
handout  and  to  yovidc  the  plots  requested. 

2.2.  For  part  1.3.  a  forma]  write-up  is  required  from  each  student.  The  data  and  results  you  may  share 
with  your  partners,  but  the  analysis  sod  conclusions  should  be  your  own  work.  Any  assistance  a 
student  receives  and  any  references  ured  should  be  cited.  The  formal  write-up  should  include:  Abstract 
(5  points),  purpose  (3  points),  theory  (20  points),  procedure  (5  points),  data  and  results  (6  points), 
analysis  (20  ooints),  and  conclusions  (6  points). 

3.0  INTRODUCTION: 

3.1  You  have  been  provided  with  a  floppy  disk  which  has  a  copy  of  "Jus  lab  and  the  NEC  programs  you 
need  to  complete  this  part  of  the  lab.  Check  to  ensure  you  have  the  following  NEC  programs: 

F*n-A  Part-B  P«rt-C 

il  you  are  missing  any  one  of  these  programs,  notify  your  instructor. 
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3.2  Lab  equipment  and  hud  disk  space  are  limited.  Pleaie  remove  your  computer  files  and  clean  up 
your  antennal  when  you  are  not  letting.  You  will  be  responsible  for  coordinating  among  yourselves  to 
ensure  that  you  all  have  sufficient  time  to  make  your  mrapnenxnts. 

4.0  PROCEDURES: 

4.1  Part  A:  Equipment  Operation 

4.1.1  During  this  part  of  the  lab  you  will  become  familiar  with  the  techniques  we  use  for  measuring 
antenna  radiation  patterns  and  antenna  driving  point  impedances  including: 


4.1.1. 1  Numerical  Electromagnetics  Code  (NEC).  NEC  is  a  program  developed  by  Lawrence 
Livennoce  Laboratory  far  the  Department  of  Defense  to  model  antennas  and  other  structures.  Thecode 
is  designed  to  calculate  the  current,  and  using  that  current,  calculate  the  electromagnetic  held. 

4.1. 1.2  Anechoic  Chamoer  w/  Hewlett  Packard  coanpulcr  for  measuring  the  radiation  pattern. 
The  radiation  pattern  of  an  antenna  tells  us  something  about  the  spatial  electric  field  about  the  antenna. 
This  tnfonninor  is  useful  when  one  is  designing  a  communication  system. 

4.1. 1.3  Network/Spectrum  Analymr  for  measuring  the  driving  point  impedance.  The  driving 
point  importance  of  an  antenna  is  an  important  parameter  in  system  design  The  driving  point  impedance 
can  be  used  to  evaluate  die  reflection  coefficient.  tntrumissioo  coefficient,  and  information  about  overall 
system  efficiency  end  bandwidth.  If  an  antenna  presents  a  considerable  mismatch,  an  antenna  coupling 
device  may  be  required. 

4.1.2  Operating  NEC: 


We  have  a  version  of  NEC  that  runs  on  the  MAC.  After  you  run  NEC  please  remove  input  and  output 
files  to  your  floppy.  This  is  a  sample  NEC  program  with  a  description  of  what  the  different  lines  of 
codemean. 


Comment  lines  -  All  comments 
will  appear  in  the  output  file. 
End  comments  -  Must  be  used 
Oximetry  card  -  for  wire 
Scaling  card  -  Converts  the 
dimensions  from  feet  to  meters. 
End  geometry  -Mutt  be  used 
Perfect  ground  at  Z*0 
Frequency  card  -  in  MHz 
Excitation  -  the  feed  point 
RadUnnn  Pattern 
End  Card 


CM  1/4  wave  monopole  over 
CM  perfect  ground 
CE 

GW  1 ,23 ,0.,0.,0.,0.,0.,  B ,2,.03 1 25 
GSO,0,.3O48 

GE1 

GN1 

FRO,  1,0, 0,30. 

EX0.1, 1,0,1. 

RK>,91,2, 1001,0., 0.,1„ 90. 

EN 


The  only  numbers  you  should  have  to  change  as  you  do  this  lab  are: 

A.  The  last  number  on  the  frequency  card.  As  noted  above,  the  frequency  is  in  MHz  and 
you  must  have  a  decimal  point  after  the  number. 

B.  the  location  and  length  of  the  parasitic  wire  in  part  C.  Below  is  a  breakdown  of  the 
wire  geometry  card 

GW1,  25,  0.,  0.,  0.,  0.,  0„  35.,  .03125 

Wwr#  X  Y  Z  X  Y  Z  wircraiiw 

coordmaw  of  one  end  mnnintu  of  other  end 
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4. 1.2.1  Run  NEC  usi’  \  the  NEC  input  file  "part- A"  and  answer  the  summary  questions. 

4.1.3  Operating  the  anechoic  chamber 

Operation  of  the  anechoic  chamber  will  be  described  by  your  instructor.  Careful,  precise  notes  should 
be  taken  as  they  will  be  needed  for  parts  B  and  C  of  this  lab. 

4. 1 .4  Operating  the  Network/Spectrum  analyzer 

The  network/tpoctrum  analyzer  can  be  used  to  measure  impedances  of  networks.  This  is  not  surprising 
if  you  take  a  moment  to  consider  that  impedance  ts  merely  the  ratio  of  the  voltage  to  the  current.  The 
analyzer  will  tnonsior  these  two  parameters  and  calculate  their  tatio  as  a  function  of  frequency.  This 
impedance  is  then  displayed  on  the  screen. 

4. 1.4.1.  Read  through  the  information  in  the  operations  manual  to  become  familiar  with  the  techniques 
for  setting  up  die  analyzer  and  for  measuring  impedance. 

4. 1.4.2.  Determine  de  driving  point  impedance  over  the  specified  frequency  range  for  one  of  the  test 
boxes  provided. 

4.2  Part  B:  Evaluate  a  35'  whip  antenna 

4.2.1  Antenna  Choice:  We  ate  working  with  the  35  foot  whip  antenna  because  it  is  one  of  the  Coast 
Guard's  moat  common  high  frequency  antennas.  You  find  35  foot  whips  on  every  class  of  Const  Guard 
cutter  from  the  399'  WAGB  to  the  180'  WLB. 

This  part  of  the  lab  is  designed  to: 

A.  Look  at  input  impedance  as  a  function  of  frequency 

B.  Look  at  current  as  a  function  of  frequency 

C.  Look  at  pattern  at  the  horizon  with  the  test  set-up 

D.  Look  at  the  pattern  as  a  function  of  the  azimuth  angle  with  NEC 

E.  Look  at  the  impact  of  an  additional  ztructiac  added  to  the  groundplanc 

(either  another  antenna  or  some  type  of  box) 

Using  the  techniques  learned  in  pait  A  of  this  lab,  answer  the  summary  questions  at  the  end  of  the  lab. 

4J  Part  C:  Design  a  two  clement  array 

Using  NEC  (input  file  "Part-C”)  and  the  anechoic  chamber,  design  a  two  element  array  with  one  driven 
element  and  one  parasitic  element  for  a  frequency  of  10MHz.  The  formula  for  comparing  the  results 
between  groups  is: 


(1-G)*[(maximum  gain-mininmm  gain)pqg(*Kmaxinium  gain-minimum  gain)yyjf] 


You  may  only  adjust  the  length  of  the  driven  element  and  die  length  and  distance  from  the  origin  of  the 
parasitic  element.  Your  final  report  should  inc'  ide  the  NEC  results  needed  to  show  your  design 
approach  (not  all  of  your  NEC  output  files),  the  pattern  from  the  anechoic  chamber,  and  the  input 
impedance  measured  with  the  analyzer. 
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Summary  QwlloW  for  part  A: 


1.  Write  the  inmuctioni  in  operate  da  Hewlett  Packard  (HP)  scalar  network  analyzer  using  the  HP  cotnptaer.  Provide 
sufficient  detail  ao  that  a  person  not  familiar  with  die  lab  set-op  could  obtain  an  anBmu  pattern. 

2.  Write  the  imtruaicnt  to  operate  (be  Hewleai  Packard  (HP)  netwoakfaiecttiiin  analyzer.  Provide  aufficiem  detail  ao  that 
a  pawn  not  familiar  with  die  lab  eel-14!  coaid  obuna  an  input  impedance  memuronem. 

3.  Hot  the  NEC  program  (NBC  prodtam  "Fait  A*)  provided  (a  qiaarthrwave  monopole  mtamu  above  a  perfect  pound),  how 
do  the  reaulta,  tor  dae  diattilaaaon  of  the  canena  atone  die  anaemia  bum  NEC  oonpare  with  tbe  thaareaical  valuer  for 
current  dutributioa:  l>A*sia[ti(l-z)l  wfatre  A  ia  a  conatanl,  0  ia  the  wave  number,  and  I  ii  the  length  of  the  anv-rma  Plot 
the  calrulamtl  and  dwoeatical  carrem  dambunoa 

4.  Using  the  kiformaainn  tom  NEC.  plot  die  magnitude  of  the  etectru:  Reid  aa  a  function  of  q.  How  doer  that  compare 
with  the  pattern  given  in  yom  teal. 

3.  Using  the  information  from  NEC,  plot  the  magnitude  of  the  electric  field  aa  a  function  off.  How  does  that  compare 
with  tbe  pattern  given  in  yum  lexL 

Summary  Qneallona  for  part  ■: 

1.  How  long  ia  the  33  foot  whip,  in  wavelengths,  at  2  MHz,  5  MHz,  10MHz,  20  MHz,  and  30  MHz. 

2.  For  the  NEC  program  (NEC  program  "Part  B-l")  provided  (a  33  fool  mtmopole  antenna  overt  perfect  ground),  plot  the 
magnitude  of  tbe  currant  for  2  MHz,  5  MHz,  10MHz.  20  MHz,  and  30  MHz. 

3.  Since  we  caarot  put  a  33  loot  antenna  in  the  aawchoac  chamber  (plaaae  do  not  By  just  10  prove  me  wrong)  we  leak  the 
length  of  the  anaenmi  The  ten  frequency  aaod  in  the  aneetzhe  chember  ir  inverreiy  proportional  u>  the  acale  of  the 
antenna  fix.,  if  a  7 1  inch  antenna  ia  used  to  model  the  33  fool  whip  then  40  MHz  teat  frequency  ia  uaedinplaceof  2 

MHz). 

What  arc  the  icaled  frequencies  for  2  MHz,  5  MHz,  10MHz,  20  MHz,  and  3C  MHz  if  we  arc  reeling  the  antenna  by 
z  2th  1  ratio. 

4.  Antenna  pfoai  aa  a  fuaction  of 

A.  Plot  the  (ament,  aa  a  function  of  ♦,  at  5  MHz  (reeled)  using  die  aneebote  chamber. 

B  Plot  the  panem.  m  a  fraction  of  *,  at  5  MHz  using  NEC  program  'Part  B". 

C.  Compare  the  two  plots  (in  writing)  and  explain  if  the  patterns  you  gel  are  what  ia  expected.  Cite  your 

rrioxTT.cz. 

5.  Plot  the  anteamz  pattern,  it  a  function  of  8.  at  5  MHz,  10MHz,20MHx,  and  30  MHz  tiling  NEC  program  "Part  B”. 
Explain  (in  writing)  whether  the  pattern  you  gel  are  what  11  expected  Cue  you  references. 

6.  Using  the  i.-twort/apectrum  analyzer,  meaaure  the  impedance  of  the  model  antenna  u  a  function  cf  freqvncy.  Scale 
the  frequencies  you  evaluate  ao  dry  would  be  equal,  in  wavelengths,  to  a  35  foot  whip  evaluated  from  2  MHz  to  25  MHz. 
Provide  the  Smith  Chut  of  die  pin  Remember  that  you  have  to  calibrate  the  meter  at  die  connector  on  the  tHde. 
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Finite  Difference  Analysis  with 
MATLAB  and  VMAP  in  Undergraduate 
Instruction 

W.  Perry  Wheless,  Jr.  Carolyn  £.  Wheless 

Univenity  of  Alabama ,  Tutcaloata.  AL 


Abrtrmel —  TIm  twit*  dXma cm  ■■lb«4  U  lk« 

■■■lal  tachaitM  at  riiBiiw**11— 1  !■■■■■■  ■■im 

4wl«  ml  Thm  Vatvaniij  of  A  '-w - an  *•  lint 

■tori*  b*wc  at  <alu  dliw«a ot  priacipiM  by 

Mtiviai  pvoj«ct  pntlin  which  t«qain  Miwhr  pwyi* 
■las.  Di«t«*etioa  from  tb*  aaaia  mm lb— li— >  n— wpw  It 
radacad  by  iba  aa%  mi  a  high  >»»d  lnamtba  wftaw a  pack, 
afa  aaeh  aa  MATLAB™  rmxkae  tbaa  tradlbaaal  li^nasai 

•ach  aa  Fonna  or  C.  la  May  t -  hawaaat,  iha  abaaJ. 

immOom  of  Iha  <dmw—|-ik)  factor  «aMa  aakaiatad  by 
MATLAB  ia  batiar  aoaaaaphahad  by  aapaatiai  tba  data  im« 
iba  aatarab  prfaMi  VMAP.  Plait! as  Vd  win  Mb  with 
VMAP  la  8trai*hif8rwa*4  ab  iba  saaMly  of  Iba  Ml  ptwta  b 
ba .waabva.  Isawpla  pro  bis—  wt  4»a— aaiad  hara  which 
abawld  ba  taaafbi  «•  atbaa  adaaian  ia  rained  ia  iaachiac 
«»Ha  itwna  aaatbaM  ia  aatfaasnMaala  Mb  aa—aa. 
Tha  nwplaa  ara  acrnaapaalad  by  awpia  bach«raaad  4ta- 
c  — a  Hd  ara  pwaaaatad  ia  iMMal  dal  ail  lor  diiact  ia- 
wnw  aa. 


I.  1 NTROD  y  CTION 

Pai  -al  differential  equation*  (PDEs)  and  inte¬ 
gral  t  iuations  (IEs)  arise  frequently  in  electro¬ 
magnetic  problems.  Steady-state  problem*  with 
a  variety  of  fields  strew,  temperature,  flow,  a* 
well  a*  electromagnetic  involve  Elliptic  PDE*  of 
the  general  form 

•Sf  +  Mgf+«©  +  *e  +  e«j+/ff 

+gV  «  fc(*,y,r) 

where  a,  6,  and  c  are  non-zero  and  of  the  same  sign. 
The  Poiuon  and  Laplace  equations  are  of  this 
type.  In  applications,  numerical  solution  of  these 
equations  usually  is  required.  The  curriculum  at 
roost  research  universities  now  includes  the  intro¬ 
duction  of  electrical  engineering  undergr/uiuate* 
to  basic  principles  of  finite  difference*  (FD).  finite 
elements  (FE),  and  the  moment  method  (MoM) 
as  ihe  most  prominent  techniques  for  obtaining 
reliable  numerical  solutions.  This  paper  conren- 
travn  on  the  rectangular  coordinate  system  and, 
specifically,  the  finite  difference  method.  Two- 
dimensional  example  problems  from  electrostat¬ 
ics  are  presented,  which  are  suitable  for  direct  in 
course  use  in  junior  and  senior-level  fields  courses. 


Major  steps  in  the  finite  difference  technique 
include  manipulation  of  the  continous  governing 
PDE  into  a  discrete /finite  set  of  linear  algebraic 
equations,  and  solution  of  the  linear  algebraic  equa¬ 
tion  set.  This  paper  excludes  detailed  discussion 
of  the  subject  of  options  and  techniques  for  so¬ 
lution  of  systems  of  linear  equations:  thorough 
basic  treatment  is  available  in  numerous  texts, 
including  [1]  and  [2].  Iterative  solution  remains 
generally  preferable  for  two  and  three-dimensional 
problems,  and  is  employed  here. 

The  so-called  Richardson  extrapolation  [3),  [4] 
is  not  discussed  in  this  paper,  but  it  is  employed 
in  the  solution  of  the  second  example  problem  ami 
is  worthy  of  note. 

The  experience  of  students  with  computer-based 
projects,  such  as  those  presented  here,  is  more 
favorable  with  a  higher-level  interactive  software 
package  like  MATLAB  [5]  than  with  traditional 
languages  such  as  Fortran,  Basic,  Pascal,  or  C 
Programming  is  more  straightforward  with  MAT¬ 
LAB,  so  that  distraction  from  the  mathematical 
concepts  of  the  method  is  reduced.  However,  mas¬ 
tering  MATLAB  graphics  for  depiction  of  vector 
fields  is  more  difficult  and  time-consuming.  This 
paper  features  a  combination  of  the  programming 
ease  and  computational  strengths  of  MATLAB  with 
the  convenient  and  impressive  visualization  of  2-d 
vector  fields  offered  bv  the  software  package  VMAP 

M.  PI- 

11.  Finite  DiFFEitKHcE  METHOD  IN  2-D 
Electrostatics 

The  differential  Poisson  equation  is  a  point  re¬ 
lationship  governing  potential  4>: 

-  5V24>  =  pv,  (2) 

For  a  source- free  region  of  space.  Laplace's  equa- 
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tion  reiultr,  namely, 

VJ«>  >  0.  (3) 

For  two-dimensional  problems,  —  #(x,y)  and 
Boundary  Condition*  (B.C.)  must  be  applied,  so 

-  0  in  {a(  <  z  <  ou» 

v1*  «  0  +  0  =  tt  <  V  <  A,) 

B.C. :  ♦(*iV)  =  y(x,y)on5 

(4) 

where  usually  the  problem  geometry  is  set  so  that 
a<  «  0\  0.  Eq.  4  is  one  of  the  most  imporUnL 

PDFs  of  the  Elliptic  type. 

A  given  continuous  problem  is  reduced  to  finite 
V  w  for  computer  solution  by  selecting  a  set  of  rect 
angular  mesh  points  in  the  solution  region,  as  illus¬ 
trated  in  Fig  1.  While  the  spatial  separation  be¬ 
tween  nodes  with  respect  to  x  and  y  may  be  differ¬ 
ent,  Ax  ^  Ay,  it  is  common  practice  to  take  a  uni¬ 
form  mesh  (Ax  *=  Ay  b  A)  for  simple  problems. 
A  convenient  shorthand  notation  which  gives  ear  h 
node  a  unique  reference  ‘name’  is  to  use  disci*  te 
indices  ij  so  that  ■  •(«’,;)  »  •(ih,  jh).  Af¬ 
ter  a  grid-point  network  is  set  up,  the  potential* 
♦  arc  found  are  at  each  mode  in  the  mesh  as  dis¬ 
cussed  below,  so  that  the  ♦’*  satisfy  Laplace’s 
equation  plus  the  specified  boundary  conditions 
on  the  interfaces  and  borders  in  the  region. 

To  compute  the  potential  at  the  mesh  nodes, 
it  is  necessary  to  discretize  Laplace's  equation  by 
converting  it  to  an  equation  of  differences.  The 
following  difference  approximations  for  the  first 
derivative  operator  are  used: 


approximations  are 

+  0{  Ax’) 

+  0(  At) 

+0|(Ar  +  Ay)1] 

(6) 

For  a  uniform  mesh,  therefore,  the  Laplace  equa¬ 
tion  V3$  *  0  is  converted  into 

*i-W  +  ■+'  I  -  4 *,,/  **  0  (7) 

which  is  easily  remembered  by  t  he  molecu’e  form 
suggested  in  Fig.  2  in  a  typical  mesh.  Rearrange 
ment  of  Eq.  7  gives  the  difference  equation  of  in¬ 
terest  for  computer  implementation: 

♦.J  =  ^  +*,+  10  +  +  .  (8) 

If  Eq.  8  is  applied  at  each  of  the  N  nodes  ir  a 
finite  difference  mesh,  clearly  the  result  is  a  sys¬ 
tem  of  A;  linear  algebraic  equations.  Here,  prob¬ 
lems  with  potential  ♦  specified  at  all  nodes  on  the 
boundary  (the  so-called  Diiichlel  boundary  con¬ 
dition)  are  considered.  As  one  would  expect,  a 
considerable  amount  of  programming  effort  must 
be  directed  toward  ensuring  correct  $  values  for 
nodes  on  the  boundary,  and  for  carefully  comput¬ 
ing  $  at  interior  points  neighboring  the  boundary. 


AX 


0  = 


forward 
backward 
central 

(5) 

with  the  central  difference  approximation  preferred 
as  more  accurate  because  its  error  is  of  the  order 
Ax2  =s  A y2  *=  h2  for  a  uniform  mesh,  but  use 
of  the  forward/backward  approximations  may  be 
necessary  near  boundaries.  The  second  derivative 


f*  -  +OIAx) 

l  S  *  +  O(Ax’) 


u.j+n 

•  a  • 

( i-  I .j)  (i,jl(i+  1 . j > 

•  •  • 

(i.j-U 


■Ay 


10.0) 


X 


Fil  l  Typical  Uft-OiiTHii  -on*!  Unit*  difftirm*  •rtonlrw:  node  itl. 

(nTK.H|  method 
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Laplace's  equation  causes  Eq,  8  to  become 


Ft*.  3  0  MIC  TT»*Wcuk  firt  d**trvtl*wd  L*p4ftc*  nvuioi- 

III.  Iterative  Solution 

Iterative  GaUis  Siedel  »olutioB  for  4>  at  each 
rmah  u<  de,  enforcing  bxj.  8,  is  used  here.  A  super 
»dpt  indicates  the  iteration  number,  with  super¬ 
script  “0"  denoting  the  initial  values  which  are  ar 
bitrarily  assigned  (except  to  the  boundary  points, 
which  have  known  value).  For  example,  ♦*(  i,  ji 1 
means  the  potential  at  node  location  i  —  ift,y  s= 
jh  after  the  third  iteration.  The  process  begins 
by  updating  the  initial  values  to  those  after 
the  first  iteration  according  to 

*1  -  \  (*?-.,  +  0?+1J  +  *?,-,  +  •?,„)  W 

jvii<4  continues  repetitively  until  satisfactory  com 
•ftgence  is  achieved  (that  is,  the  change  from  one 
iteration  to  the  next  is  small  enough  to  satisfy  a 
specified  convergence  tolerance).  Gauss-Siedel  it¬ 
eration  merely  means  that  we  are  using  the  most 
recent  numbers  available  in  the  calculation  of  thr 
next  step. 

To  improve  convergence,  the  fuither  enhance 
mcni  of  “over-relaxation'1  [8)  c*n  he  incorporated 
into  the  solution  procedure.  The  RHS  of  Eq.  7 
at  the  subject  node  (i,  j)  is  actually  some  residual 
and  not  exactly  the  target  value  zero,  that  is, 

+  +  =  It..,.  (10) 


K  =  *?j’  +  wft..,  [i  +  #5i,  ( ] 

where  u>  is  the  relaxation  parameter,  u'  >  1  speeds 
convergence,  but  numerical  instability  results  when 
the  value  of  w  is  made  too  large,  w  »  1.5  lias  been 
found  to  give  good,  stable  results  for  Laplace’s 
equation.  The  first  example  problem  in  this  paper 
is  solved  by  explicit  Gauss-Siedel  iteration  with 
out  relaxation.  Over-relfetation  is  employed  in  the 
second  example  problem.  Once  ft(x,y)  is  known, 
computation  of  the  electric  field  is  straightforward 
from  the  basic  relationship  E  =  —  V<>. 

Example  1  To  demonstrate  the  basic  method,  con¬ 
sider  the  two-dimensional  boundary  value  problem 
depicted  in  Fig.  3.  Determine  the  potential 
and  the  electrostatic  field  E  in  the  indicated  cross- 
sectional  plane  with  the  boundary  conditions  given 
in  t/ie  figure.  Note  that  the  top  plate  is  insulated 
from  the  other  three  sides  at  the  upper  left  and  up¬ 
per  right  corners,  so  that  if  can  be  maintained  at 
a  different  potential  by  the  10  kV  dc  source.  With 
length  *  height  *  L,  divide  L  »nle  four  intervals  tv 
demonstrate  the  effectiveness  of  a  low-order  solu¬ 
tion  to  this  problem .  Set  the  initio/  potential  at  all 
interior  nodes  to  zero.  In  the  computer  program, 
provide  for  rectangular  as  well  as  square  geometry 
and  u llow  user  specification  of  the  desired  number 
of  intervals . 


V 


For  the  n-th  iteration,  applying  over-relaxation  to 


fig  3  A  ns  rvdi  mention  ft]  boumitry  value  problem 
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Solution  of  Example  1: 
tiona  are 

6 a* 

Ox2  +  cfy2 


The  governing  equa 

=  0,  (12) 


B.C.:  4»(a',0)  =  *(0,y)  =  *(I,y)  =  0 
*(0  <x  <  L,L)  s.  10< 


(13) 


Iteration'S 


iteration  25 


'  4207 

5190 

421  V  ' 

1797 

2422 

17J7 

675 

943 

675 

'  4286 

5268 

4286  ‘ 

1875 

2500 

1875 

714 

982 

714 

and 

E  =  -V4>.  (14) 

For  4  intervals,  choose  Ax  *  Ay  ^  h  rr.  and 
number  the  node#  a*  indicated  in  Fig.  4,  The 
interior  node  tarting  values  are  all  set  to  zero, 
as  specified  An  explicit  Gauss-Siedel  interativ*- 
solution  for  the  potential  at  each  node  is  obtained. 

Students  are  usually  encouraged  to  take  full  ad' 
vantage  of  symmetry  in  a  given  pmblem,  m  a  way 
to  significantly  reduce  computer  memory  require¬ 
ments  and  epu  time,  However,  symmetry  is  rot 
used  to  reduce  the  problem  size  in  this  case  be¬ 
cause  the  problem  ic  so  small. 

A  representative  MATLAB  program  for  solving 
this  problem  is  listed  in  Fig.  5.  The  potential 
values  at  the  nine  interior  nodes  evolve  in  the  fol¬ 
lowing  mannri : 


'  (1,31 

(2,3) 

(3.3)1 

0 

u 

0  ' 

(1.21 

(2.2) 

(3.2) 

initial  values 

0 

0 

0 

(Ml 

(1.2) 

(1.3) 

0 

0 

n 

iteration  1 


2500 

3750 

2500 

625 

1250 

625 

156 

156 

156 

!-_\4  | 

Cl  4)  14.4) 

• 

• 

a 

11,31  i 

1  :•.:)) 

(3.3)  14,3) 

• 

a 

a 

t  1  i  i 

c»  :;i  1 4 ,_i 

• 

a 

• 

ll.l)  1 

U.  1 1 

Oil  1 1.1) 

1 1 .0)  1 

L\Of 

(3(1)  H.IH 

Fip  4  Nod*  numb*nnp  »ch*nii:  for  a-d  boundary  problem 


At  later  iterations  (e.g.,  iteration  50),  the  valuta 
remain  the  same  as  those  reported  after  25  itera¬ 
tions  above.  The  MATLAB  program  of  Fig.  5  oil 
culates  the  electric  field  components  at  the  same 
nodal  points  once  is  determined,  and  the*  results 
are  written  to  file  «i  .‘vmap.daf  for  export  to  the  sep¬ 
arate  vector  field  plotting  program  VMAP.  Apart 
from  a  single  line  ol  header  information.  VMAP 
just  requires  listing  of  the  E-field  x  and  v  comp«> 
nents  for  each  of  the  grid  points,  proceeding  \cfi  to 
right  and  starting  with  the  node  in  the  lower  loft 
hand  corner  of  the  figure.  The  point-by-point  data 
sent  to  VMAP  is  shown  in  Fig.  fi,  and  an  electro 
static  field  depiction  from  VMAP  is  presented  in 
Fig.  7. 

Example  2  Fig.  H  shout  a  cross-sectional  view 
of  a  shielded  long,  parallel-plate  capacitor  with  air 

dielectric.  Consider  the  case  ~  —  1  -  =  -  3, 

d  da 

The  upper  plate  potential  of  Vo  m  Fig.  H  can  be 
taken  to  be  -hi  Volt,  with  the  lower  plate  then  at 
fixed  potential -l  Volt.  Calculate  an J  plot  the  elec¬ 
trostatic  field  distribution  for  this  problem  Whaf 
ia  the  capacitance  per  unit  length ?  Fig.  8  shows  a 
7x7  square  grid  of  finite  difference  mesh  nodes  in 
the  first  quadrant  of  the  xy  plane;  the  symmetry  in 
the  problem  is  such  that  a  solution  in  this  quadrant 
solves  the  complete  problem.  Note  that  three  metal 
shield  boundaries  satisfy  Dtrirhlrt  conditions  ($  is 
knowri  to  6i  zero  at  all  three  boundaries).  The  t- 
a xts  also  is  at  zero  potential  beca'ist  il  is  midway 
between  the  capacitor  plates. 

Solution  of  Example  2.  Calculation  of  4*  pro 
ceeds  in  similar  fashion  to  that  employed  with  Ex 
ample  1,  but  the  requirement  for  finding  the  ca- 
pacitance  requires  further  comment,.  Taking  ±V0  - 

±\  V,  C  =  =  %■>  where  Q  's  the  charge 

on  either  plate.  Q  is  obtained  from  Gauss'  Law 
f  D  •  n dS  =  Q.  with  the  integral  taken  on  a  sur¬ 
face  around  the  center  conductor:  using  symmetry. 
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• ) 


haight- input  1 '  Input:  haight  !ro> 


' ) 


'  1 


fidafopanCa-.VKap.dat'  ,  ‘v1  t 
langth-input ( ' Input  iangth  l») 

dalta-x  and  dalta-y  interval*  »te  the  in. 
diapf  calculated  from  the  number  of) 
diepC  intervale  in  tba  larger  duannaijn.  ) 
nincl«inputCSto.  intervale  in  larger  dinenaion  ? 

;  nint2»haight Malta: 

tor  i«0=nintl;(  :  n  ,  phi  <M.  i+l) -10000; 

•  ]_••  phi( 

*n£ar*x-l rnoiti  tor  i-2 :  (nintl/2) +1  ;t  rphili  i-rin/4; 

nhi(J,i)-<phi(j-l.i)  +  phi(3+l,i)  *  phili.i-l)  *  phi  (1 .  i  ill' 

pHi(j,nincl-i+2)  »  phitj.i)) 

“rintftii^li.Of  %2.0f  %2.0f  •  .  nintlel  ninUJl,  l«Wth)  ; 
fprintf (fid,  '*2.0f  »2-0f  12-OC  \n'  harght,  0,  0), 

tor  i  *  nint2+l:-lil;  1  *  v<ci  t  w/Am ltm 

if  ;  gr*d(l>-0;  grmdt2)  ■phi  O-l.  i)  >  4  . .  .. 

iu*  m2u.  ir!flll)-0.  gr.d(2S.(pbi(2.i)-phid*l.r))/d.lt«,- 
-u  «■!)  ;  ar*d(l ) *phi  ( j  ,  i>l)  gr»d(2)«0, 

III  --niiti:i);  gricmi.-pbUi.i-D/dalta;  gr.d(2).o; 

nla«;  Ui|-(phi(j,i+l)-pbilJ-i-1>>/?*d,lt*' 

grad  (2 )  -  Ipbi  l  j  - 1 .  i )  -Pbi  ( 3  1  >> 'j*  c* ;  "nd  1 

fprintf (fid.  -»e  *«  \n',  gradll),  grad(2)); 

itd'(hIighc*>dianoth)  ;  daltaahaigbt/nintl;  nint2« length/ delta: 

for  i»o-.nint2;  for  j-0:nintl;  .  .  M  i  4.1 1 ,10000  ■ 

it  ((-j.. o)  t,  (i-.O  k  li— nint2)))  phi  ( j  +  l.  r*l) -louuu , 

phi (j  +  1* i^l)  *0; 

phi(j.nint2-i*2)  »phiCj,i); 

tprintftfid, *^12 . Of  *2. Of  %2,0f  ',  nint2rl  nintlel.  l.ngth) : 
f print f (fid,  ‘%2-0f  %2.0£  »2.0f  \n  .height,  0,  0), 

for  ir  l, :  £1 .  i . :  ot: '  SSm  > 

it- 'it  (i-.l)  ■  grad(l)-0:  grad  (2 1  -  (pm  ( i .  i)  -phi  C  *1,  i) )  /dalta , 
Ulllt  i-.l  ;  grad(  1 1  -phi  ( j  ,  i*H  /  dalta ;  gr.dt2>-D: 
ataaif  (i-niAwal),  gr«dU)--phi l  j  ,  i-1) /dalta;  gradU>-0; 

%1*«;  gratMli-tphilj.  “Phl^  .  i-lM  ^ 

fjridi2^-(phi(j-i,  i)  -phitj+lri) )/2  delta;  «nd; 
fprintt  {tidf  1  %•  \n'  .  gradll).  graoWn  s 

•ad ;  and ;  end ; 
at— tua-fcloaa ( f id} : 


He  5  StprritnUIlK  HATLAH  program  /or  rolvinp  Siamplr  ). 
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one  may  double  the  result  of  evaluating  the  inte¬ 
gral  half-way  around  the  entire  conductor.  With 
uniform  mesh  spacing  Ax  a  Ay  *  /», 


D  •  n 


coA* 


*1  -  *1 


(15) 


which  simply  reduces  to  Dnmrmoi  fo^j1  if  the  sur¬ 
face  is  chosen  adjacent  to  a  Dirichiet  boundary  so 
that  k  0.  For  a  unit  length  of  capacitor,  P  =  1 , 
and  the  integration  reduces  to  summation  at  the 
discrete  nodes  on  the  ‘surface*.  Therefore, 


C  fD  ndj  £(!*■' 

7”— 2 - %2-T 


(Hi) 


The  MATLAB  program  used  to  solve  this  prob¬ 
lem  is  structured  similar  to  the  Fortran  program 
in  (4).  To  solve  for  *(z,y),  ii  is  desirable  to  have 
mesh  nodes  on  the  capacitor  plate.  However,  be 
cause  the  capacitor  plate  is  taken  to  be  infinitely 
thin,  it  is  awkward  to  compute  electric  field  values 
at  nodes  precisely  ou  the  plate  because  there  are 
two  competing  vectors  at  these  nodes.  In  fact,  a 
13  X  13  grid  was  employed  to  find  ♦  and  then  & 
5x5  subset  of  equispaced  nodes  was  selected  to 
compute  E.  Nodes  ou  the  plate  were  thus  avoided. 
The  resulting  field  plot  from  VMAP31  is  seen  in 
Fig.  9.  In  addition  to  an  illustration  frame  which 
can  be  turned  on/off  under  user  control,  VMAP 
conveniently  provides  for  boundaries,  hi  Fig.  9. 
note  the  boundary  line  which  ha*  been  drawn  to 
represent  thr  capacitor  plate.  Moat  of  the  electric 
field  lines  in  Fig.  9  are  concentrated  toward  the 
lower  plate,  but  the  separation  between  plates  is 
substantial  and  the  shield  walls  are  grounded,  with 
the  result  that  a  considerable  number  of  field  lines 
originate  on  the  positive  upper  capacitor  plate  and 
terminate  on  the  shield  walls.  Finally,  the  com¬ 
puter  analysis  concludes  that  the  capacitance  per 
unit  length  for  the  situation  given  in  Example  2  is 
2l.5±0.1  pF. 


IV.  Conclusions 

This  paper  has  demonstrated  the  feasibility  of 
combining  thr  computational  features  of  MAT- 
LAB  with  the  powerful  2-d  vector  field  representa¬ 
tion  capabilities  of  VMAP.  The  combination  has 

1 VMAP  3  pr*a«nllv  «»m<«  only  hi  Beta  I  Ml  lorn)  On#  VMApJ 
i«  thr  ability  to  plot  ih«  nodr  anil  fl#ld  |mn  on  th«  »»rn,  pi.,' 


proved  effective  in  courses  dealing  witli  electro 
magnetic  fields  at  The  University  of  Alabama. 

Two  specific  examples  arc  documented  here  that 
have  been  found  useful  in  instruction  of  under¬ 
graduates  majoring  in  electrical  engineering.  Stu¬ 
dent  response  to  date  indicates  that  computer- 
based  projects  involving  solution  of  2  d  electro¬ 
magnetic  field  problems  are  better  received  by  stu¬ 
dents  when  MATLAB  and  VMAP  are  used  rattier 
than  traditional  programming  languages.  It  ap 
pears  that  exercises  of  the  nature  and  scope  pre 
sented  here  make  students  more  comfortable  with 
numerical  methods  and  increase  their  interest  in 
more  advanced  applications.  Undergraduates  are 
motivated  to  learn  more  about  numerical  methods 
and  field  theory  by  success  with  problems  such  as 
the  ones  discussed  here. 

A  significant  advantage  of  the  finite  difference 
method  is  that  a  number  of  simple  problems  are 
available.  Variety  can  be  introduced  by  the  intro 
dur.tion  of  direct,  or  other  indirect  linear  equation 
solution  techniques  to  augment  the  Gauss-Siedel 
iteration  method  used  here.  Problem  complexity 
can  be  progressively  increased  by  adding  media  in¬ 
terface  considerations  (for  instance,  placing  a  di 
electric  slab  between  the  capacitor  plates  of  Exam¬ 
ple  2)  or  treating  problems  with  irregular  bound¬ 
aries  so  that  nodes  must  occur  at  un  even  inter¬ 
vals.  While  other  educators  may  devise  their  own 
variations  and  extensions,  the  examples  presented 
in  this  paper  should  remain  valuable  for  leach¬ 
ing  the  finite  difference  method  in  undergraduate 
fields  courses. 
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Abstract 

7 he  com.mericaSly  availaole  microwave  circuit  CAD  program  OSA90/hopcr“  has  a 
Datapipe™  feature  which  allow  users  to  have  their  own  user-defined  models  far  circuit  analysis  and 
optimization1.  We  have  developed  a  massively  parallel  3D-TLM  module  for  OSA90/hope.  This 
module  is  more  than  30  times  faster  than  its  equivalent  serial  implementation  running  on  a 
DEC5 000/2 00  workstation  This  technique  allows  optimization  of  microwave  structures  using 
massively  parallel  3D-TLM  time  domain  field  analysis  without  the  need  for  equivalent  circuits  or 
lookup  tables.  A  comparison  of  the  execution  speed  of  the  serial  and  parallel  3D-TLM  simulation 
modules  on  three  workstations  and  a  DECmpp  12000  have  been  made.  This  provides  a  clear  picture 
of  the  required  computer  time  for  performing  3D-TLM  field  simulations  on  various  hardware 
platforms. 


Introduction 


At  piesent,  field  theory  based  microwave  circuit  CAD/CAM  is  performed  in  the  frequency 
domain.  This  is  mure  -  matter  of  traditional  practice  and  available  computer  power  than  a  theoretical 
constraint  This  papet  rperts  the  first  successful  combination  of  a  frequency  domain  CAD  program, 
OSA90yhope,  with  a  massively  parallel  version  of  the  time  domain  3D-TLM  electromagnetic  field 


..i_* —  r  1 1  tu:.  » — u- : - 

Oil)  UUtim  111  {.1J.  1  LLU  UAAiUlljlMriiiMt - - 


wted  im  the  optimization  of owavc  structuiti. 


The  theory  of  the  symmetrical  condensed  node  3D-TLMU  method  is  well  described  in  [2],  A 
3D-TLM  meth  '  built  by  cascading  a  network  of  these  nodes  in  the  three  dimensional  space.  To 
simulate  electromagnetic  wave  propagation  in  the  mesh,  scattering  and  transfer  of  voltage  impulses 
must  be  performed.  A  massively  parallel  implementation  of  this  procedure  is  given  in  [3],  The 
parallel  1D-TLM  module  developed  in  this  paper  ri  dividtd  into  3  programs  —  two  serial  and  a 
parallel  one;  they  are  3diln  pipe,  3dilm-scrvcr  and  l-scrver,  respectively,  3dllm-pipe  is  executed 


i.  From  ocr*  on  OiAVC^opt  and  Dalapipe  will  be  lued  fee  OSAVtVbope™  Mid  Datwpipe™.  itsp«livcJ\ 
il  From  now  cn  7D-TLM  mearu  rymmefncal  coodenHd  node  3D- TLM. 
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locally  together  with  OSASO/hope  or.  i  HP  9000  series  700  workstation;  idtlm-server  is  executed 
remotely  on  a  DEC5000/200  workstation,  which  is  the  front-end  machine.  for  the  DECmpp  12000 
massively  parallel  computer  -tl. server  is  executed  on  a  DECmpp  12000  parallel  computer.  The 
aerial  and  parallel  program  municate  with  each  other  via  a  few  UNIX  pipes,  [4]  and  [5],  The 
aerial  programs  are  implemt  m  C++  to  perform  aerial  numerical  operations  such  as  discretization 
of  geometrical  parameters  ano  computation  of  discrete  Fourier  transforms.  The  parallel  prograr  is 
implemented  in  MPL,  a  C  like  parallel  programming  language  for  DECmpp  12000,  to  perform 
computer  time  intensive  3D-TLM  simulation. 

Datapipe  Feature  of  OSA90/hope 

The  Datapipe  feature  of  OSASXVhope  utilizes  UNIX’s  interprocess  commur  ration  facility, 
pipe,  to  establish  high  speed  data  connection  between  OSA90/hope  and  one  or  more  external 
programs.  Because  UNIX’s  pipe;  is  used,  OSA90/hope  can  run  on  its  boat  machine  and  control 
external  programs  running  on  the  same  or  other  machines.  This  allows  CPU  time  intensive  field 
simulation  programs  to  run  on  a  more  powerful  computer,  such  rs  the  DBCmpp  12000,  [6], 

OSA90/hope’t  Datapipe  feature  ia  built  on  top  of  the  UNIX’s  pipe  and  a  proprietary 
communication  protocol.  [71.  External  programs  must  strictly  comply  with  this  protocol  in  order  to 
work  properly  with  OS  A9(Vhope.  Datapipe  (tans  die  external  program  as  a  child  process  and  sets  up 
a  pipe  counecdoo  between  them.  Once  such  a  connection  it  properly  established,  OSA9Q/hope  and  its 
child  process  can  begin  to  exchange  data.  OSA9Q/bopc  computet  the  inputs  required  by  its  child 
process  according  to  their  defini'iooa  and  writes  the  data  to  the  pipe.  The  child  process  reads  the 
inputs  from  the  pipe,  carries  out  the  requested  calculations,  and  sends  the  output  bsck  to 
OSA9(Vhope  This  interaction  is  illustrated  in  Figure  1. 

The  Datapipe  feature  of  OSA9(yhope  is  very  good  but  not  yet  perfect  for  our  application.  One 
of  the  problems  is  that  it  has  to  (end  n  requests  to  its  child  process  if  it  needs  n  frequency  responses 
This  is  not  a  problem  at  all  if  both  OSA9(l/hope  and  in  child  process  are  executed  an  the  same 
computer.  In  our  me,  OSA90/hope  and  the  purallel  3D-TLM  program  have  to  be  executed  on  two 
different  computers  which  are  situated  a  few  kilometers  apart.  In  this  case,  network  delay  and 
overhead  cannot  he  ignored  We  have  de  eeioped  3dtlm-pipe  to  circumvent  this  problem 


OSAWtaj* 

CUd  Procaaa 

I  dtta  — 

- 

— ►  dtt*  — ► 

Raadi  dfeU 

Rwpony  „ 

b 

— -  S  r - m  ^ — 

Cjmn  out  calculMkm 

Write*  dm 

— 

Figure  !  jGAvnfope  caaspwts  tw  kpea  requited  by  the  child  promts  according  to  then  definitions  and 
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The  Massively  Parallel  3D-TLM  Module 

The  massively  parallel  3D-TLM  module  it  divided  into  3  programs  —  two  serial  and  a 
parallel  oae;  the  are  Sdilm  pipe,  3dtlm-server  and  mpl-server,  respectively,  The  serial  and  parallel 
programs  communicate  with  each  other  via  a  few  UNIX  pipes.  The  serial  programs  are  implemented 
in  C++  to  perform  aerial  numerical  operations  such  as  discretization  of  geometrical  parameters  and 
computation  of  discrete  Fourier  transforms.  The  parsliel  program  is  implemented  in  MPL  to  perform 
parallel  D-TLM  simulation. 

3dtlm-server  is  based  or  some  source  code  extracted  from  the  3D-TLM  Simulator  in  [1].  The 
graphical  user  interface  module  of  that  program  is  elimm.evt  Rep' rang  it  is  a  new  module  that  reads 
geometrical  and  control  data  from  the  standard  input  stream;  on  completion  of  the  requested 
number  of  simulations,  tins  module  writes  time  and  frequency  domain  result  to  the  standard  output 
stream  if  they  are  requested.  The  aerial  3 D-TLM  number  crunching  part  of  this  module  is  also 
replaced  by  a  massively  parallel  program,  mpl-server,  which  is  baaed  on  some  source  code  c  .traded 
from  [3],  There  two  programs  corpmnmratr  with  each  other  via  UNIX  pipes. 

3dtlm-pipe  is  the  program  that  make  OSA9(Vbope  and  3dilm-server,  hence  mpl-server,  work 
together  seamlessly.  It  provides  a  fully  parameterized  3D-TLM  component  library  for  use  in 
microwave  circuit  analysis  and  optimization  with  OSA90/bope.  The  user  of  0SA90/bop;  does  not 
have  to  interact  with  3dum-semer  at  all.  He  or  the  only  has  to  work  with  the  Datapipe  syntax  of 
OSA9CVhope.  Currently,  the  component  library  of  3dlhrt-pipe  includes  only  three  components  for  the 
rectangular  waveguide  environment  They  are: 

•  rtaonant  cavity, 

■  inductive  iris  bandpass  filter,  and 

•  inductive  iris  bandpass  filter  with  two  timing  screws. 

Kapnnding  this  library  to  include  more  components  is  an  easy  task;  the  prerequisite  is  a  basic 
knowledge  of  the  3D-TLM  method  and  the  C++  programming  language.  The  inteiuction  of 
OSA9Q/hope.  3dtlm-pipe,  3dtlm  server  and  mpl-server  is  depicted  in  Figure  1 . 


Hgjr  2  The  iemetra  at  OSA9dhope.  3ddm-pipe,  itUm-sener  aud  mpl-server. 
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Computers 

F-mmtifwi  rim  in  a^ranfk 

DEC  5000,200  (DECmpp  Fnx(-end) 

2580 

IBM  KS6000.  Model  350  (42  MHz) 

490 

HP  9000.  Saks  7000.  Model  755  (99  MHz) 

368 

DECmpp  12000 

75 

Table  1  Execution  time  of  the  aerial  and  parallel  3D-TLM  field  tin*n\ atim  modules  oc  three  workstations  and  a 
parallel  comparer.  loe  ouch  sure  ia  12SX64X10;  a  maah  size  of  128X64  in  (Ik  xy-pLwe  represents  a  full  use 
of  a  DEQapp  12000  with  8192  processors.  The  number  of  trine  steps  and  frcqut  ^cy  points  are  both  1000. 
The  execution  time  shown  above  include  all  the  network  delay  due  to  the  piping  operations  depicted  in 
Figure  I.  This  provides  a  clear  picture  of  the  required  execution  time  for  performing  3D-TLM  field 
rimnliriona  on  various  hardware  platforms. 


Comparison  of  Execution  Speed  of  the  Serial  and  Parallel 
3D-TLM  Simulation  Modules 

Tbe  performance  of  the  parallel  3D-TLM  simulation  is  quite  impressive  if  the  mesh 
dimensions  of  the  problem  to  be  solved  ire  conformed  to  the  processor  dimensions  of  the  parallel 
computer.  The  processor  dimensions  of  the  DECmpp  12000  available  to  us  is  128x64,  which  gives  a 
total  of  8192  processors.  Table  1  gives  a  quantitative  comparison  of  the  execution  time  of  the  serial 
and  parallel  3D-TLM  simulation  modules  on  three  workstations  and  a  DECmpp  12000  parallel 
computer.  In  the  serial  cases,  there  is  no  mpl-server  program;  the  3D-TL.M  number  crunching 
operation  is  done  within  the  Sdlim- server  program. 


Simulation  Examples 

As  a  first  example,  the  dimensions  of  an  inductive  iris  bandpass  filter  is  optimized  with  the 
random  optimizer  of  OSA9Q/hope.  The  geometry  and  dimensional  parameters  of  the  filter  are  shown 
in  Figure  3.  The  design  specifications  are: 

*  Center  frequency  —  33  GHz. 

•  Pass  band  —  32.5  to  33.5  GHz. 

■  Minimize  IS  i|l  and  maximize  IS;; I  in  the  passbaod  and  vice  versa  in  the  stopbaml 

Tbe  initial  length  of  the  cavities  is  act  to  ?.j=11.81mm  (rounded  off  to  the  nearest  AT).  The 
initial  width  of  the  irises  ia  chosen  to  be  small  so  that  tbe  opening  will  not  afreet  the  characteristic  of 
the  resonators.  Tbe  initial  response  of  the  filter  ia  shown  in  Figure  4(a).  The  random  optimizer  of 
OSA9(J/hcpe  is  used  to  optimize  the  values  of  the  parameters.  The  values  of  the  parameters  after  30, 
60  and  90  aimulitinna  are  shown  in  the  table  in  Figure  3,  their  corresponding  responses  are  shown  in 
Figure  4(b),  (c)  and  (d),  respectively.  The  circuit  file  used  for  this  optimization  process  is  given  in 
Listing  1. 

The  second  example  demonstrates  the  effect  of  inserting  two  tunirg  screws  into  the  two  center 
cavities  of  the  filter  in  the  above  example.  Use  location  and  depth  of  insertion  are  shown  in  Figure  5 
together  with  the  corresponding  filler  responses 
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Figure  '  The  top  view  of  an  inductive  iris  bandpass  filter.  The  initial  and  successive  optimized  values  of  the 
parameters  are  show  in  the  above  table.  AMUOSmm.  The  desired  center  frequency  is  33  GHz;  the 
passbaad  is  from  32.5  GHz  to  33.5  GHz.  the  optuaizaboo  goal  is  to  have  minimum  IS] jl  and  maximum 
1S21I  in  the  platband  and  vice  vena  m  the  stopband. 


Circuit  Files 

The  OSA90/hope  circuit  files  for  the  examples  are  given  in  Figure  1. 


I  Tile:  Ind-Irn-BendpAss-rilter-l.cKt 
I 

Expression. 

KY  -  14;  KX  -  NY*KF;  KZ  -  1; 

Y  DIM  -  7. > 12*- 3; 

X- DIM  -  Y  t,IK»MF; 

Z'DIM  -  K2-Y  DIM/KY; 

El  -  1.0;  "  OX  -  1.0;  rc  -  3/ 

K  SIM  -  ROOO;  K  T  -  141; 

F  HIM  -  26;  r"MXX  -  40;  !  CHi 

eIex  »  l;  :  Inductive  ins  bandpass  ?  liter 

FC  «  33;  Sll  »  l;  521  -  2; 

vl  -  T  1  2  57; 

v2  -  7  1  3  67; 

v3  -  ?  1  3  6?; 

ul  -  716  Z\  24’; 

u 2  •  718  23  2-1  ? ; 

W1  -  Y_DIH*I loor <vl> ‘2/VY; 

K2  «  r  dim*? loor (v2’ *2/57; 

M3  -  y“dIK-?  loor(v3)'2/lfY; 

DZ  -  X  DIM* t loor (ul) /MX; 

D2  -  X_DIH*f  1oo;(-j2)/KX; 

Dstipipc:  SIM  FILE-' 3dtli*-pi]<"‘ 

H  1NP3T  -27  IWCT-<IfX,Mi,MZ,X  DIM, Y  ■  ,Z  DIM, 

if.,  to,  re,*  s:k,  fTiim. 
r  Mxx.ralo.EL-  -oTsu.m:, 

K2,B3,D1,D2) 

M_OST!>OT.:  OOTTOT ■  (KKQ_S11)  ; 

Detspipe:  SIM  FXLX-UJCX 

S  MUTT  -22  ISTTJT-  fKX,MY,KZ,  X  DIM,  Y  DIM,  Z  DIM 

tn,  to.fc.it  sim,  s’"  r,r  line, 
r  xw<,inlo,iizfl,ro7s2i,M:, 

W,BJ,D1.C2) 

K  f!  PJT-I  OCT.  ■T*(KXG_S21); 

D8_Si:  -  20-LOC<HAG_311>; 

DB_S2I  -  20*Uhj<KAC_S21); 


I  file:  lod-I ris-aacdpais- Filter '2 .ckt 

Expression 
M r  -  9; 

JTY  -  14;  SX  -  WY-MF;  «  -  7; 

7  DIM  «  ^ . 1120-3/ 

X~DIK  -  Y  DIM*MF; 
t~DIM  -  *r*Y_DIM/KY; 

Eli  -  1.0;  DR  -  1.0;  FC  -  3; 

M  SIM  -  SC00;  V  F  -  141; 

P“M.'*J  -  26;  F  MAX  -  40,  :  CH= 

ELXM  -  2;  !  inductive  iris  csndpsst  :  iltur  witii 

‘  tuning  two  sc  *  r-ui . 

FC  -  33;  111*  S21-  2; 

Vl  -  7  1  2  V2  -  ?  i  3  67;  v3  -  7  1  5  67; 

Ul  -  716  21  24'.';  U2  -  7IS  23  247; 

svl-  71  2  67  sv2-  ?  1  2  6’ 

Ml  -  Y  DIH’f  loer  (vl)  *2/SY; 

M2  -  Y~DIK*;  loor  |v2)  *2/MY; 

M3  -  Y  DIM*?  loor  (V3)*2/SY; 

D1  -  X  DIM*  f loor  lu 1 ) /BX; 

D2  «  X~DlM*f  loortu2>/NX; 

SMI"  Y~DIM*  I  loor  [svl )  *2/NY; 

SOI-  Z^DIM*:  Ivor  (SV2‘  'NZ; 

Dstapipe:  SIM  Fltl-' Wt tn-pipc ’ 

N  IMP37  -22  IK?OT-(»X,NY,NL,  K  DIM, Y  DIM, Z  DIM, 
EF.,OR,rC,H  SIM,>TF.F  MlN, 

F  MM.FBxO,  ELZfl.FC  /Sll,  HI, 
M2, 33,  D1.D2,  3WL,  SD1) 

Detsplpe  ;  SIM  FIU-SAMI 

N  IIIPCT  -22  IlfFDT-  <WX,KY,NZ,  X  DIM,  Y  DIK.Z  DIM 
ZR.TO.FC.rf-  SIH.lT  F,F_H>N, 

F  KAX,FR£Q,nxH.FC,S21,Mi, 
M2,  53.D1.D2,  SMI,  SCI ) 
lf_OTTPUT"l  O3TT0T-(BXC_S21 )  ; 

DB  T‘  -  20*Loq<KAC  SI*.); 

DE"~5  -  20*Loq  <KAC~S21 )  ; 


End  End 


Listing  1  Tbr  OSA9Qii  ye  circuit  files  far »  7  examples  given  in  this  paper  The  sweep,  specification  and  control 
blocks  are  not  shown  here.  The  mturmabco  far  these  block  e  given  in  the  previous  section. 


Hafnit**** 


Figure  4  The  ftymu  of  tlie  inductive  iris  filler  tbovn  in  Figure  3.  (i)  is  the  initial  response:  (b),  (c)  and  (d)  are 
the  best  responses  after  tbe  30*.  60*  and  90*  simulations  with  parameter  values  randomly  chosen  by  the 
random  optimizer  ctf  OSA9G/bope. 
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Parm«t*r  Scattarin*  taraavatar 


Figure  5  (*)  Try  and  tide  view*  of  ■  recUngulir  waveguide  iris  ecu  pied  bmcipcs  filua  Tte  vtlucs  ot  Wj.  w2,  wi. 

d:  Aid  d2  are  given  b  the  but  column  ct  the  table  n  Figure  3>.  sw}  sod  rw;  it-  both  2  Ai. 

(b)  TIk  wpewe  erf  tire  tiler  in  (a)  after  SOOO  time  «lcps 


Conclusion 

A  massively  parallel  3D-TLM  simulation  module  is  developed  in  this  paper  to  allow  the  use 
of  the  3D-TL.M  numerical  analysis  together  with  OSA90/hope  for  microwave  circuit  analysis  and 
optimization.  This  massively  parallel  3D-TLM  module  is  divided  into  3  programs  —  two  serial  and  a 
parallel  one;  they  are  3d:lm-pipe,  3,:;...'  e«ver  and  mpl-server,  respectively.  The  serial  and  parallel 
programs  communicate  with  each  other  via  a  few  UNIX  pipes.  The  serial  programs  are  implemented 
in  C++  to  perform  serial  numerical  operations  such  as  discretization  of  geometrical  parameters  and 
computation  of  discrete  Fourier  transforms.  The  parallel  program  is  implemented  in  MPL  to  perform 
computer  time  intensive  3D-TLM  simulation. 

A  comparison  of  the  execution  speed  of  the  aerial  and  parallel  3D-TLM  simulation  modules 
or.  throe  workstations  and  a  DECmpp  12000  have  been  made.  This  provides  a  clear  picture  of  the 
required  execution  time  for  performing  3D-TLM  field  simulations  on  various  hardware  plait  aims. 

These  programs  integrate  the  3D-TLM  method  with  OSA90/hope  via  UNIX's  pipe.  In  order  to 
use  OSA90/hope  to  optimize  the  geometry  of  microwave  circuits,  a  microwave  circuit  component 
library  with  geometry  parameterization  in  continuous  Cartesian  coordinates  is  implemented.  Two 
examples  are  given  to  demonstrate  the  use  of  3dtlm-pipe  and  its  component  library. 

This  massively  parallel  3D-TLM  module  is  more  than  30  times  faster  than  its  equivalent  .rial 
implementation  running  on  a  DEC5000/200  workstation.  Therefore,  it  is  feasible  to  optimize  the 
geometry  of  microwave  structures  using  3D  TLM  time  domain  field  analysis  without  the  need  for 
equivalent  circuits  or  lookup  tables. 
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Abstract 

This  paper  deals  with  probabilistic  modeling  ot  the  EM  response  of  a  complex 
cavity  to  HMP  penetration.  Theoretical  studies  indicate  that  the  field  amplitudes  squared 
should  have  a  chi  square  distribution  with  two  degrees  of  freedom,  but  our  observations 
indicate  that  a  log  normal  fit  is  empirically  better  unless  the  data  is  first  passed  through 
a  trend-removing  filter.  We  used  this  model  to  simulate  cable  excitation  on  an  aircraft 
shell  interior.  Both  the  log  normal  and  the  chi  square  field  distributions  drive  the  cable 
in  a  manner  that  falls  statistically  within  the  experimentally  observed  spread.  However, 
our  simulated  response,  when  filtered  ior  trend  removal,  does  not  replicate  the  observed 
chi  square  distribution.  There  is  still  an  element  of  autocorrelation  missing  from  our 
model,  wnich  leads  to  this  discrepancy. 

Introduction 

The  problem  of  as  enclosed  asset's  vulnerability  under  HPM  attack  at  a  frequency 
where  the  asset  Is  many  (»10)  wavelengths  on  a  side  (i.e.,  well  overmoded)  is  all  but 
impossible  to  treat  deterministically.  Moreover,  even  assuming  a  supercomputer  and 
state-of-the-art  finite-volume  time-domain  (FVTD)  code  were  available,  one  could  logically 
claim  a  deterministic  solution  would  be  of  no  value.  This  claim  could  be  made  because, 
in  such  a  scenario,  a  1°  rotation  of  the  asset  or  a  1%  shift  in  frequency  would  commonly 
alter  the  excitation  on  any  given  pin  or  circuit  device  by  20  dB.  Additionally,  the  interior 
of  a  satellite,  aircraft,  or  missile  has  wiring  of  almost  unbelievable  complexity  as  viewed 
by  a  TVTD  practitioner  who  is  used  to  zero  or  one  (two  if  he  is  really  heroic)  conductors 
passing  through  each  F/TD  cell. 

Given  this  dark  and  bleak  outlook  on  determinirrtic  HPM  analysis,  the  HPM 
community  was  thoroughly  jolted  by  the  statistical  approach  worked  out  by  Price  and 
Davis,  el  si.'  A  statistical  treatment,  unlike  a  deterministic  treatment,  dually  thrives  on 
complexity.  (In  many  situations,  the  statistical  confidence  interval  depends  ontho  inverse 
square  root  of  the  amount  ot  data  provided.)  This  statistical  reproach  develops  a 
probability  density  distribution  model  for  the  fields  inside  an  asset  rich  is  not  a  hair- 
trigger  function  of  frequency,  attack  angle,  wiring  configuration,  or  any  other  parameter. 


This  work  was  supported  by  the  U.  S.  Air  Force  Phillips  Laboratory  under  Contract 
F29601-93-C-0047. 
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A  highly  elegant  derivation  accompanied  this  work,  which  led  to  the  conclusion  that  the 
distribution  of  the  field  (squared)  versus  frequency,  projected  along  any  axis,  would  be 
chi  square  with  two  degrees  of  freedom;  i.e.,  exponential.1  This  distribution  function  is 
characterized  by  a  single  parameter  p,  the  mean  value.  There  Is  a  strong  implication 
that  the  identical  distribution  (with  the  identical  p)  would  also  categorize  the  field  as  a 
function  of  internal  position,  attack  angle,  sensor  orientation,  or  almost  any  other 
independent  variable  one  would  want  to  consider. 

In  order  to  test  the  Price-Davis  field  model  and  apply  it  to  internal  conductor  drive, 
we  studied  the  EMPTAC  (727-like)  aircraft  data  for  internal  fields,  surface  skin  currents, 
and  internal  cable  currents  under  illumination  by  the  Ellipticus  antenna  at  frequencies 
swept  from  .1  to  1 .0  GHz.  Data  was  also  provided  for  frequency  sweeps  from  3  MHz  to 
.1  GHz,  but  general  belief  is  that  at  least  some  of  this  low-frequency  data  is  beneath  the 
noise  floor.  For  the  low-frequency  sweep,  the  overmoding  assumption  ot  the  statistical 
model  is  not  met,  and  there  is  even  evidence  that  the  EMPTAC  fuselage  iesponds  like 
waveguide  below  cutoff. 

It  quickly  became  apparent  that  the  Price  and  Davis  chi  square  distribution  match 
between  experiment  and  theory  was  less  pristine  than  we  had  believed.  In  particular, 
their  data  had  been  passed  through  a  logarithmic  filter  designed  to  factor  out  a  certain 
amount  of  trend"  before  being  compared  with  experiment.  The  unfiltered  data  we  saw 
from  the  EMPTAC  had  a  distribution  much  more  like  log  normal  than  chi  square.  This 
same  phenomenon,  H  turned  out,  had  been  observed  by  Price  and  Davis,  who  were  then 
kind  enough  to  give  us  an  idea  of  the  filtering  which  was  necessary. 


Data  Manipulation  and  Trend  Removal 

Figure  1  illustrates  a  low-frequency  sweep  measurement  of  I HJS,  internal  to  the 
EMPTAC,  where  x  lies  along  the  aircraft  axis.  The  lower  curve  with  a  lot  of  structure  is 
the  actual  measured  data.  The  "massage*  given  this  data  consists  of  removing  the 
"trend".  We  obtain  the  trend  by  convolving  the  raw  data  with  a  truncated  (sin  x)/x  titter 
function.  Figure  2  shows  a  titter  lunctton  which  takes  a  91  point  running  average  ot  the 
data.  All  filtered  data  we  will  discuss  here  was  obtained  by  convolution  with  this  function. 
Note  that  we  retain  the  main  pulse  of  the  (sin  x)/x  function,  and  also  the  first  negative  and 
positive  excursions  on  each  side.  If  each  point  in  the  Figure  1  sweep  were  separated  (in 
the  time  domain)  by  one  second  from  every  other  point,  Figure  2  would  correspond  to  a 
low  pass  filter  with  a  cutoff  frequency  of  .033  Hz: 

f  . _ 3  (1) 

"  KN.  -  1)/2]  -2Af  k 

We  tested  values  of  from  3  to  9999,  and  empirically  found  that  91  was  an 
optimum  value.  This  rather  arbitrary  choice  does  not  aesthetically  please  us,  and  we  do 
not  expect  it  to  please  you. 
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There  is  one  additional  twist  to  our  data  massage:  The  filtered  data  will  not  be 
positive  definite  if  the  trend  is  removed  in  the  usual  way.  Consequently,  each  data  point 
is  passed  through  a  In  0  operator  before  the  filtering  convolution.  Thus,  the  convolved 
or  filtered  data  will  be  negative  at  some  points,  but  if  the  result  Is  then  passed  through 
an  exp()  operator,  all  filtere*  results  will  again  be  positive. 

The  somewhat  smoother  overlaid  lower  curve  in  Figure  1  is  the  trend,  based  on 
N0 «  91 ,  and  application  of  the  restoring  exp()  operator.  The  upper  squiggle  in  this  figure 
is  the  result  of  subtracting  the  trend  from  the  raw  data,  and  then  exponentiating  the 
difference.  This  squiggle  should  (and  does)  fluctuate  around  1.  If  your  think  for  a 
moment,  you  will  realize  (the  upper  squiggle)  x  (the  trend)  will  give  back  the  raw  data. 

We  now  digress  a  moment,  and  indicate  our  rationale  for  selecting  91  as  Nr  Let 
us  take  the  (IH/)  a 'ray  and  create  an  associated  In  array:  {In  IH/l.  It  can  be  shown 
that,  if  the  {I HJ1}  array  has  been  filtered  just  enough  to  make  It  chi  square,  the  associated 
In  array  will  have  a  variance  of  s?/6.  Empirically,  we  have  found  the  A/„»  91  corresponds 
to  "Just  enough";  the  In  array  associated  with  the  output  of  this  filtering  operation  has 
o,***,3  very  close  to  (The  unfiltered  array  of  Figure  1  started  with  about  1 .90 
times  7^/6.) 

A  probat  hlty  plot  is  sort  of  a  visual  method  for  discovering  the  goodness  of  fit  of 
a  given  data  set  to  a  proposed  distribution  model.  Roughly  speaking,  one  evaluates  the 
measured  cumulative  distribution  along  the  xaxls  and  the  model’s  predicted  cumulative 
distribution  along  the  y  axis.  If  the  model  matches  the  data  perfectly,  the  resulting 
probability  plot  is  a  straight  line  at  45°. 

We  first  attempted  a  normal  fit  to  the  unfiltered  data.  The  data  was  normalized  to 
a  standard  distribution  by  the  transformation 


The  probability  ptot  of  Figut  r  3  shows  that  this  fit  does  not  work.  We  next  attempted  a 
log  normal  fit.  This  is  done  by  replacing  IHJ1  in  Eq.  (2)  with  In  IMJ*.  Figure  4  shows 
this  model  to  yield  a  fairly  good  probability  plot,  at  least  near  the  critical  midpoint  where 
confidence  limits  become  very  narrow.  (The  un  illustrated  low-frequency  counterpart  of 
Figure  4  has  an  even  better  fit.)  Several  other  normally  based  field  distributions  were 
considered:  \H}'‘  of  Eq.  (2)  was  replaced  with  (lnlH/)“  and  ln(ln  IHJ’).  Neither  of  these 
(or  other)  variants  gave  improved  probability  plots. 

We  also  attempted  a  chi  square  fit  to  the  untiltered  data.  In  this  case,  we  made 
no  attempt  to  normalize  the  data  in  the  sense  of  applying  some  sort  of  chi  square 
transformation  analogous  to  Eq.  (2).  The  resulting  probability  plot  (Figure  5)  does  not 
speak  well  for  the  chi  square  model.  (Where  o„*  appears  in  figures  or  their  captions,  it 
denotes  the  variance  of  the  associated  In  array  normalized  by  x*/6.)  Probability  plots 
were  also  constructed  from  the  filtered  data  sets.  In  general,  the  i.ormal  plot  Is  still  very 
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far  off,  and  the  log  normal  plot  is  still  quite  reasonable.  However,  the  probability  plot  for 
matching  the  filtered  data  to  a  chi  square  fit  is  excellent  (Figure  6). 

Our  problem  with  this  procedure  is  that  we  find  It  really  hard  to  attach  a  physical 
meaning  to  the  filtering  process.  Also,  for  the  synthesis  operation,  we  are  totally 
unformed  about  the  trend  which  must  be  folded  back  into  the  chi  square  distribution  to 
drive  circuit  analysis  software  with  the  proper  statistical  distribution. 

In  addition  to  free  field  data,  analysis  was  also  performed  on  skin  current  data  of 
the  EMPTAC  interior.  Figure  7  shows  an  8-way  overlay  of  six  free-field  and  two  skin- 
current  cumulative  distributions.  (These  measurements  pertain  to  the  high-frequency 
sweep:  There  the  overrnoding  assumption  is  met,  and  hence,  EM  energy  Is  assumed  to 
be  homogeneously  and  isotropically  distributed  throughout  the  EMPTAC  Interior.)  Figure 
7  confirms  this  condition:  All  fields  and  surface  currents  are  more  or  less  equal, 
Irrespective  of  probe  orientation  or  location.  (The  surface  magnetic  field  H„ 
corresponding  to  circumferential  skin  current,  Is  slightly  depressed.  This  Is  not  surprising, 
as  the  EMPTAC  is  driven  with  an  axially  polarized  field,  and  the  internal  overrnoding  may 
be  somewhat  shy  of  complete.) 

The  EMPTAC  cable  currents  were  also  scrutinized.  Unfiltered  cable  current 
distributions  also  proved  to  be  log  normal.  Filtered  cable  currents  (N„  «  91 )  came  out  chi 
square  (see  Figure  8).  This  result  was  a  bit  of  a  surprise,  as  it  Is  not  anticipated  by  any 
theoretical  work  which  we  have  seen. 

There  Is  one  final  necessary  observational  comment  concerning  all  the  cumulative 
probability  distributions:  Except  for  the  cable  current  distribution  plots,  all  the  high- 
frequency  data  appears  to  have  a  longer  tail  from  0  to  .5  than  from  .5  to  1 .0  (see  Figure 
7).  All  the  low-frequency  data  and  the  high-frequency  cable  current  data,  on  the  other 
hand,  turned  out  to  have  the  two  tails  about  equal  in  length.  This  observation  may  be 
extremely  significant  In  particular,  it  may  imply  the  cable  currents,  even  at  high- 
frequencies,  have  a  higher  degree  of  randomlration  (look  more  like  noise)  than  the  high- 
frequency  field  measurements. 


More  specifically,  it  may  moan  that  the  upper  tall  of  the  cable  current 
distribution  Is  systematically  longer  than  that  of  the  field  magnitude  distribution. 

This  possibility  is  highly  significant,  as  it  is  the  upper  tail  of  the  cable  current 
distribution  that  would  be  the  proximate  and  critical  factor  for  HPM-induced  system 
failure. 

This  deduction  is  not  apparent  solely  from  study  of  the  probability  plots,  and 
may  serve  as  a  cautionary  signal  against  telying  excessively  on  the  probability  plot 
concept  to  evaluate  system  survivability.  Probability  plots  do  not  necessarily 
provide  critical  information  about  possible  distinguishing  differences  in  distributional 
tails. 
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Up  to  now,  we  have  changed  distribution  models  by  modifying  the  independent 
variable  In  Eq.  (2).  However,  any  function  which  starts  at  0,  ends  at  1 ,  and  never  has  a 
negative  derivative  will  work  as  a  cumulative  probability  distribution.  The  gaussian 
cumulative  distribution  is  often  denoted  Pfx).  Thus,  P(x)°  for  any  a  >■  0  is  also  a 
legitimate  cumulative  probability  distribution.  Any  power  series  of  P(x),  where  the 
coefficients  of  the  power  series  add  up  to  unity,  Is  also  a  mathematically  permitted 
cumulative  probability  distribution.  Even  more  generalized  distributions  may  be  created 
by  adding  a  series  of  sin  functions,  £  a„  sin  mp,  to  the  power  series  of  gaussian 
distribution. 

We  have  found  that  nearly  all  the  EMPTAC  data  can  be  described  by  a  cumulative 
distribution  function  of  the  form 


PM 


3 

PM  *  -i  ^M  -  PM'°)  *  £  ‘n  «*"  mpM 


n-i 


(3) 


where  PJx)  is  the  cumulative  log  normal  distribution.  {Equation  (3)  requires  at  least  one 
iteration  on  PJx)  for  approximate  evaluation  of  the  Fourier  correction.)  Note  that  the 
coefficients  ot  this  PJx)  power  series  add  up  to  unity.  The  need  for  the  cuhous 
correcting  term  involving  PJx)'°  can  be  understood  by  reference  to  Figure  7.  One  may 
see  that  this  figure  is  not  symmetric  about  p  -  .5  but  rather  has  a  truncated  upper  tail. 
The  PJ*T  term  is  almost  0  until  PJx)  becomes  close  to  unity  at  which  time  the  PM'0 
term  itself  becomes  near  unity.  In  this  way  we  provide  a  method  for  modeling  the  upper 
tail  truncation. 

We  shall  next  discuss  the  need  and  nature  of  the  Fourier  corrective  term  in  this 
model  and  shall  also  illustrate  the  shortcomings  of  thr  other  I  g-normaFbased  models  we 
have  attempted  to  use.  Let  us  first  reconsider  the  consequences  of  using  an  unmodified 
log  normal  model.  Figure  9  shows  the  90%  confidence  limits  on  the  cumulative 
probability  distributions  of  the  internal  field  I H/.  This  figure  also  shows  that  the 
measured  data  does  not  lie  completely  inside  the  90%  confidence  limits  of  the  model. 
We  now  replot  the  90%  confidence  limits  baaed  on  the  enhanced  Eq.  (3)  model.  Figure 
1 0  show  that  sin  series  correction  alters  the  model  enough  to  make  the  entire  IHJ*  sweep 
lie  entirely  within  the  new  limits.  Figure  1 1  shows  the  probability  excursion  of  the  sweep 
from  the  log  normal  fit  without  the  Fourier  series  corrective  term.  It  also  the  corrective 
term  itself. 

Let  us  lastly,  examine  the  cable  current  measurements.  Figure  1 2,  shows  that  the 
cable  current  can  be  fit  fairly  well  with  a  simple  log  normal  model.  Figure  13  illustrates 
the  superior  results  of  modeling  the  cable  current  by  a  sin-series  enhanced  distribution 
of  the  form  of  Eg.  (3).  While  there  remains  soma  residual  excursion  in  the  enhanced  fit, 
the  excursion  fr’  at  the  region  of  the  plot  where  response  is  very  small.  Thus,  this 
excursion  does  i  >  have  detrimental  implications  for  the  enhanced  drive  model. 
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Circuit  Drive 


We  here  attempted  to  match  the  output  o<  a  model  consisting  of  a  network  of 
segmented  cables  and  the  response  experimentally  observed  on  cables  at  the  EMPTAC. 
Our  model  allows  the  network  to  be  driven  by  arbitrary  fields  at  each  segment.  It  yields 
current  or  voltage  at  any  place  on  the  cable  which  may  be  directly  compared  to  the 
measurements  made  by  a  network  analyzer.  The  network  model  Is  calculated  In  the 
frequency  domain  and  Is  composed  of  up  to  200  sections  of  transmission-line  segments; 
defining  equations  employ  continuity  of  the  current  and  voltage  at  each  junction  and  end 
conditions  relating  the  current  and  voltage  through  an  impedance. 

The  line  response  and  drivers  are  coherent  over  space  and  frequency  at  low 
frequei  icies.  To  mimic  the  random  behavior  seen  in  the  EMPTAC  data,  the  excitation 
over  the  segments  and  from  one  frequency  to  the  next  becomes  is  coherent  at 
intermediate  and  higher  frequencies.  At  Ihe  highest  frequencies,  the  s'  nent  drives  are 
random  with  respect  to  each  other.  To  achieve  this  effect,  each  se™-  t  Is  driven  with 
a  field  of  thp  fomi 


£,  -  \A(u>,rt)  rtu  oos(ui)]  cos  e(u,n)  W 

The  amplitudes  of  the  sine  and  cosine  terms  can  be  determined  from  ui  >  arbitrary 
distribute  u  A  log-normal  distribution  is  currently  used  lor  A(w.ri)  and  fl(io,/i) , 


(5) 


’ore  u  is  the  observed  uve.  .go  and  a  is  the  observed  standard  deviation  ot  the 
i  irithms  of  the  obsi  rved  EMPTAC  field  amplitudes  (;/  -  -9.0  and  o  »  .89). 


The  distribution  parameter  xtm.n)  r.  related  -o  the  inverse  of  the  normal  distribution 
and  contains  parameters  to  force  a  frequency  .md  location-dependent  co'  rence,  In 
the  high-frequency  limit,  there  is  no  spatial  or  frequency  lelo  xxi  between  the  parameter., 
and  each  is  determined  solely  by  the  chosen  landom  distribution.  For  a  normal 
distribution  and  a  randoml .  chosen  riumbnr  R  hetween  0  and  1  ,tol  is  found  from 
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The  spatial  and  frequency  coherence  Is  adek  ihrough  p  linear  comblnatlo.i  of 
(timenr.ionlfcss  vai  .bles.  The  spatial  correlation  lias  me  form 
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where  x,  is  the  value  of  x  for  the  adjacent  line  segment,  A /  is  the  separation  between 

segments,  and  ^ _ is  a  number  near  10.  Varying  ffJT-  between  0  and  infinity  allows 

xfoo.n)  to  vary  from  exactly  that  used  by  the  adjacent  segment  to  a  value  determined 
solely  by  the  random  distribution.  Siniiin.riy,  the  correlation  between  frequencies  is  found 
from 
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where  x,  is  the  x  for  the  segment  at  the  last  frequency,  L  is  fhe  linear  dimension  of  the 
network,  and  AX  is  the  change  in  the  wavelength  from  one  frequency  to  the  next.  The 
actual  x(co,r?)  appearing  in  Eq.  (5)  is  x^of  Eq.(8). 

The  S  and  —A  parameters  are  used  to  give  a  frequency-dependent  correlation 

Lu  A 

between  the  x(a>,n )  values  at  different  frequencies.  Whenever  the  wavelength  is  largo 
compared  to  the  linear  dimension  of  the  network  or  when  the  wavelength  is  large 
compared  to  the  change  in  the  wavt'ength,  the  xfto.n)  parameter  is  similar  to  that  usee 
at  the  previous  frequency.  Similarly,  varying  4«,  between  0  and  infinity  allows  the  xfoi.rr; 
to  vary  from  exactly  that  used  at  the  previous  frequency  to  the  random  value  resulting 
from  the  spatial-coherence  calculation. 

The  0(<o ,n)  polarization  angle  in  Eq.  (4)  is  determined  from  a  similar  procedure, 
except  that  the  random  part  of  all  angles  are  allowed  to  be  uniformly  distributed  over  ail 
possible  directions. 


Cable  Responses 

i 

j  Previously,  we  have  shown  that  the  currents  have  urtfiltered  distributions  that  are 
approximately  log  normal  (see  Figure  12).  It  was  not  obvious  vhat  the  previously 
described  91  -point  trend-removing  filter  would  do  to  these  observed  distributions.  Figure 
8  demonstrates  that  this  filter  transforms  the  observed  cable  current  distributions  from  log 
normal  to  chi  square  (with  two  degrees  of  freedom),  just  as  it  transformed  the  field 
distributions.  The  physics  and  mathematics  underlying  this  result  for  the  cable  currents 
is  unclear;  in  fact,  this  result  was  unexpected, 
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We  first  simulated  the  cable  drive  as  described  in  the  previous  section  of  this 
report.  The  first  run  was  made  with  x^  of  Eq.  (6)  lop  normally  distributed.  Both  4 —  and 

ftlmg  were  selected  to  be  100  (minimal  coherence),  and  x, _ and  x^  were  evaluated  as 

in  Eqs.  (7)  and  (8).  For  this  run,  both  ends  of  the  cable  were  terminated  in  30  CL 

Figure  14-  shows  the  resulting  cable  current  response  with  and  without  the  trend 
removed.  Figure  15  show  that,  unlike  the  real  data,  this  cable  simulation  does  not  reduce 
the  chi  square  when  the  trend  is  removed,  but  rather  stays  log-normal  like.  This  is  a 
distribution  problem  which  we  are  going  to  have  to  fix  in  our  coherence  model:  An 
incorrect  cable  current  correlation  with  respect  to  frequency  is  probably  not  intrinsically 
serious,  but  it  implies  the  model’s  spatial  cable  current  correlation  will  also  be  incorrect. 
The  latter  deficiency  will  have  ail  kinds  of  negative  ramifications  on  our  simulation  model. 

Figure  16  shows  that  the  model's  unfiitered  cumulative  distribution  for  the  cable 
currents  does  lie  within  the  experimental  scatter  when  the  fs  are  set  to  1 00  and  xb„  has 
a  log  normal  distribution. 

The  next  run  was  made  with  x ^  having  a  x2  distribution  in  the  drive  definition.  The 
fmca  and  4^  parameters  were  here  selected  to  be  both  30  (moderate  coherence); 
and  were  evaluated  as  in  the  log  normal  test  and  again  were  not  averaged.  Again, 
both  ends  oi  th8  cable  model  terminated  in  30  £1. 

Figure  1 7  shows  the  resulting  cable  current  verses  f  requei  icy  with  and  without  the 
trend  removed.  There  is  no  subjective  difference  between  the  log  normal  and  the  chi 
square  cable  response.  Figure  18,  shows  that  the  x2  cable  drive  produces  a  cable- 
current  simulated  distribution  which  looks  even  more  log  nonnal  than  th  se  produced  by 
log  normal  drive.  This  underlines  the  previously  made  point  that  we  have  a  problem  with 
our  simulation  vis-a-vi  coherence. 

Figures  19  shows,  however,  that  the  model’s  unfiltered  cumulative  distribution  for 
the  cable  currents  again  lies  within  the  experimental  scatter  if  the  f  s  are  set  to  1 0  and 
has  e.  x2  distribution. 


Summary  and  Conclusions 

We  have  tried  a  number  of  different  concepts  to  model  the  statistical  distribution 
of  the  fields  inside  the  EMPTAC  enclosure  when  illuminated  by  the  Ellipticus  antenna. 
There  models  have  included  normal,  log  normal  (x  replaced  by  In  x),  modified  log 
normal  (x  replaced  by  In  (In  x)“,  log  log  normal  (x  replaced  by  in  (In  x)),  and  chi  square. 
They  have  also  included  power  series  of  the  log  normal  distribution,  where  Zan 

=  1 ,  and  modifications  to  the  power  series  distribution  where  trigonometric  terms  of  the 
‘orm  £  b„  sin  ( rmp )  ere  added  to  the  normal  rower  series.  Power  series  variations  of  the 
other  options,  such  as  of  the  normal  model  have  also  been  investigated.  Excluding  the 
esoteric  trigonometrically-enhanced  forms,  the  log  nonnal  power  series  fit  best  matches 
raw  data.  This  occurs  with  the  coefficient  of  the  first  power  being  1.1,  of  the  tenth  power 
being  -.1 ,  and  ot  all  other  powers  being  0.  The  next  best  match  to  raw  data  taken  directly 
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from  the  probes  is  the  simple  log  normal  model. 

There  is  a  very  strong  theoretical  evidence  that  this  distribution  should  be  chi 
square  of  freedom  with  two  degrees  not  log  normal  or  some  variant  thereof.  We, 
however,  have  found  it  necessary  to  pass  the  raw  dnta  through  a  rather  ad  hoc  trend- 
removing  filter  to  extract  this  theoretical  chi  square  distribution.  This  is  not  a  pleasing 
denouement,  as  it  provides  no  help  in  telling  us  how  to  insert  a  trend  back  into  a 
randomly  generated  chi  square  field  distribution  for  use  in  driving  the  circuitry  of  an  asset 
whose  response  to  at  best  we  wish  to  simulate. 

There  is  also  a  problem  with  the  upper  tall  of  a  log  normal  distribution,  as  it  has 
a  propensity  for  yielding  occasional  outliers  of  absurdly  great  amplitude.  (The  chi  square 
distribution  does  not  do  this.  The  log  normal  power  series  with  a,  of  1.1  and  aI0  of  -.1 
may  also  have  the  impossible  outliers  inhibited,  although  this  supposition  has  not  been 
checked.) 

It  also  may  be  possible  to  merge  a  log  normal  distribution  into  a  chi  square 
distribution  at  the  upper  amplitude  end,  although  this  idea  has  also  not  yet  been 
investigated.  Surface  currents  Induced  on  the  EMPTAC  interior  look  very  much  like  tree- 
field  measurements  of  H,  although  there  is  a  tendency  for  surface  reflection  to  have  a 
doubling  effect  on  H ^  right  at  the  conductor  walls.  Even  observed  currents  on  cables 
interior  to  the  EMPTAC  have  response  distribution  which  look  log  normal  in  the  raw  form, 
but  to  turn  chi  square  upon  judicious  trend  removal.  (The  chi  square  fit  of  filtered  cable 
current  distributions  was  not  expected,  and  has  not  been  theoretically  anticipated  or 
explained.) 

There  is  one,  apparently  major,  miscomprehension  about  statistical 
electromagnetics.  When  one  samples  a  waveform  (field  or  current)  and  places  the  results 
in  scoring  bins,  the  coherence,  autocorrelation,  and  spectral  energy  distribution 
information  are  all  destroyed.  A  statistical  representation  of  a  waveform  does  not,  in  itself 
permit  reconstruction  of  that  waveform.  This  coherence  information  destruction  has  had 
Sv.me  negative  impact  on  our  statistical-drive  and  cable-response  modeling  effort. 

In  particular,  we  have  made  ■ttempts  to  simulate  cable  drive  using  both  log  normal 
and  chi  square  models  for  the  field  '  tribution  used  to  drive  the  cabling.  In  both  cases, 
the  unfiltered  cable  response  data  ol  this  simulation  is  log  normal.  (Even  a  chi  squire 
field  distribution  model  result  in  a  log  normal  simulated  cable  response.)  However,  If 
these  simulated  cable  responses  are  screened  through  a  trend-removing  filter,  they  never 
reveal  a  masked  chi  square  behavior.  In  this  sense,  our  cable  drive  model,  thus,  fails  to 
replicate  a  feature  we  know  the  cable  currents  of  the  real  world  posses.  It  Is  our 
conception  that  this  failure  occurs  because  we  have  destroyed  the  coherence  information 
of  the  real  world  by  our  statistical  binning,  and  never  restored  it  adequately  in  our  several 
modeling  attempts.  This  Is  a  problem  of  real  concern  at  present,  and  will  have  to  be  tixed 
before  statistical  EM  methodology  comes  to  maturity  as  a  tool  for  understanding  (and 
simulating)  asset  response  to  an  HPM  threat. 
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Let  us  now  close  on  a  highly  positive  note.  For  a  given  cable  in  the  EMPTAC, 
there  is  a  position-dependent  spread  factor  in  current  response  of  about  five.  If  the 
EMPTAC  cable  drive  simulation  is  overlaid  on  a  graph  stowing  this  empirical  spread,  the 
simulated  distribution  lies  completely  inside  this  experimentally  observed  spread.  We  saw 
this  same  pleasing  result  whether  the  statistical  field  drive  model  was  log  normal  or  chi 
square. 
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Figure  1.  Bottom  curves:  measured  high- 
frequency  raw -da  la  free-field  \Hj*  inside  Ihe 
EMPTAC  middle  bay,  and  1HJ*  trend.  Top  curve: 
I HJ*  With  the  trend  factored  out 


Pjgure  4.  Probability  plot  for  fitting  the  unfiltered 
high-frequency  \Hyf  to  a  loq  normal  distribution. 
This  ffl  is  not  bad  at  the  graph  midpoint  where  the 
90%  confidence  limits  are  light.  The  raw  data  for 
this  plot  was  characterized  by  a  {In  I HJZ)  array  with 
a  variance  of  3.158. 
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Figure  5.  Probability  plot  lor  fitting  the  unfiltered 
high-frequency  I HJF  to  a  chi  square  distribution. 
The  fit  ol  this  model  is  considerably  poorer  than 
that  of  the  lognormal  modal.  For  this  data  set.  C*’ 
is  1.919. 


FiiAJre  7.  Overlay  of  distributions  for  both  scans  of 
the  free  Held  IH.F,  i  =  1  -  3,  at  an  interior  point,  plus 
Ihe  distributions  for  the  axial  (HJ  and  the 
circumferential  (HJ  suriace  magnetic  fields.  The 
tails  from  0  to  .5  are  significantly  longer  than  the 
tails  from  .5  to  1  on  these  distribution  olots. 


Figure  6.  Probability  plot  lor  fitting  the  filtered  hit  in¬ 
frequency  IH,I*  to  a  chi  square  distribution.  The  .it 
of  this  model  is  excellent,  but  tho  rationale  for 
filtering  Is  unclear.  For  the  filtered  data  set  plotted 
here,  a’  is  .8403. 


Figure  8.  TIib  observed  cable  currents  have  a  %2 
distribution  after  trend-removing  filtering. 
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Figure  13.  Cumulative  probability  distribution  for 
the  EMPTAC  cable  current  at  point  B024215Y 
Also  shown  on  this  plot  are  the  Kolmogorov- 
Smimov  90%  confidence  limits  for  the  assumption 
'■  that  this  distribution  is  log  normal  with  a  Fourier 


distribution.  The  fit  does  not  work. 


Figure  14.  Bottom  curves:  unfiltered  cable  current 
\lr  and  I  If  trend.  Top  curve:  I/I1  with  the  trend 
factored  out:  1/lVl  llfarJ  .  This  figure  is  based  on 
U  and  4,,  both  set  to  fOO,  and  the  assumption 
that  jrM  obays  a  log  normal  distribution.  Cable 
ends  terminated  in  30  Cl. 


Figure  1G.  Five  way  overlay  ot  the  simulated  data 
from  Fig.  14  (solid  line)  and  the  observed  cable 
current  from  four  EMPTAC  tests.  Tire  calculated 
cun-ant  lies  within  the  experimental  spread 
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Figure  17.  Bottom  curves:  untittared  cable  currenl 
U  and  Uf  trend.  Top  curve:  1/ 12  with  the  trend 
factored  out:  This  figure  is  based  on 

lmmM  and  both  set  to  30,  and  the  assumption 
that  Jt„  obeys  a  chi  square  distribution.  Cable  ends 
terminated  in  30  Q.  _ 


Figure  19.  Five  way  overlay  ot  the  simulated  data 
from  Fig.  17  (solid  line)  and  the  observed  cable 
current  from  four  EMPTAC  tests.  The  calculated 
data  lies  within  the  experimental  spread. 
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A  time-domain  technique  tot  ..it  analysis  of 
ncnlineer  devices  jrd  circuits 

N  Marin1 ,  K.  Fobelets,  J.  Genoe,  G.  Borghs 
IMEC,  Kapeldreef  75,  B-3001  Leuven,  Belgium 


1.  Introduction 

Many  techniques  for  the  analysis  of  nonlinear  circuits,  namely  time-domain  or  frequency-domain 
techniques,  have  become  popular  In  recen‘  years. 

Time-domain  techniques  are  most  practical  for  the  analysis  of  circuits  that  include  lumped 
elements,  while  irequency-domain  techniques,  as  harmonic  balance  analysis  or  Voltera-series  are 
applicable  to  strongly  or  wealdy  nonlinear  circuits  [1]. 

In  this  work  vs  propose  a  time-domain  technique  that  can  be  used  tor  both  large  signal  analysis 
of  devices  and  lumped-element  circuits. 

In  existing  time-domain  techniques  [2-3],  the  nonlinear  active  device  characteristics  are  divided 
into  a  large  number  of  linear  segments,  while  the  technique  we  present,  uses  the  nonlinear 
characteristic  of  the  active  device. 

Based  on  the  proposed  technique,  we  will  present  some  results  obtained  by  modeling  a 
Resonant  Tunneling  Diode  (RTD)  06cillatoi  and  a  Schottky  Diode  Detector. 

2.  Proposed  Time-domain  Technique 

The  proposed  technique  is  based  on  the  fact  that  the  response  of  the  physical  circuit  must  be 
either  a  periodic  or  a  continuous  signal.  It  is  rather  difficult  to  construct  a  general  program  tor  the 
analysis  of  nonlinear  circuits  because  of  its  diversity.  The  following  classification  is  useful  lor  the 
proposed  solution  technique: 

1.  Self-oscillating  circuits. 

2.  Non  self-oscillating  circuits. 

2a. '  ’ith  one  single  frequency  input  signal. 

2b.  With  two  or  more  input  signals  with  different  frequencies. 

In  sell-oscillating  circuits,  often  two  or  more  oscillation  frequencies  exist  (  usually  low  and  high 
frequencies).  For  non  self-oscillating  circuits,  the  output  frequency  signal  depends  on  the  input 
frequencies.  In  the  case  ot  one  single  frequency  input  signal  with  a  period  T„ ,  the  period  ot  the 
output  signal  is  T„  <=  T„  and  when  two  input  signals  exists  with  frequencies  f  and  f„;  ,  the 
possible  frequencies  of  the  output  signals  are  given  by  mf„i  +  nf„i  (with  m  and  n  integers). 

l*  Institute  lor  Microtechnology,  Bucharest,  Romania 
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The  proposed  time-domain  technique  includes  the  following  steps: 

a)  The  large  signal  equivalent  circuit  for  the  active  device  must  be  constructed. 

-  For  unipolar  devices,  the  relaxation  of  the  carriers  and  transit  time  effects  have  to  be  taken 
into  account.  When  these  times  are  much  smaller  than  the  period  of  the  signal,  the  DC 
measured  characteristics  can  be  used  in  the  equivalent  circuit,  because  the  current  follows 
instantaneously  the  voltage  (quasi-static  model). 

-  For  bipolar  devices,  the  quasi-static  model  can  only  be  used  when  the  generation- 
recombination  times  of  the  carrie.s  are  much  smaller  than  the  period  of  the  signals. 

-  The  equivalent  circuit  of  the  device  must  be  completed  with  nonlinear  capacitances, 
resistances,  inductances  and  parasitic  elements. 

b)  Differential  equations  tor  this  large  signal  equivalent  circuit  must  be  written  down. 

c)  The  analysis  period  T  must  be  larger  or  equal  than  the  maximum  signal  period  <T„)  that  can 
appear  in  the  circuit.  For  self-09dllating  circuits  T„  is  the  period  determined  by  the  low 
frequency  oscillation,  while  for  non  self-oscillating  circuit,  T„  is  determined  by  the  highest 
common  factor  of  the  frequencies  of  the  i.tput  signals  (for  one  single  frequency  input  signal, 
T„,  is  the  input  signal  period).  For  self-oscillating  circuit,  the  analysis  period  T >  Tm„  while  for 
non  sett-oscillating  circuits  T  «  T_ . 

d)  The  time  step  At  Is  chosen  as  At  =T/N,.  The  number  N,  must  be  chosen  such  that  for  the 
minimum  signal  period  in  the  circuit  we  will  have  a  sufficient  number  ot  points  ( >  500). 

e)  To  solve  the  differential  equations,  the  following  steps  are  necessary  : 

-  The  mk-th  order  derivatives  in  point  t,  are  replaced  by: 


dtm‘ 


-  y*  ) "  cl,  vt  ) (-1  rc;v,(r,) 


(1) 


,  with  t 


•v*'  ■ 


(2) 

+  At .  These  solutions 


-  Starting  from  the  initial  values  : 

Vn=V4(tI),V1!  =  V,(rJ) . 

the  next  voltage  in  time  are  found  =  V,  (r„( ,, 
will  then  be  used  to  calculate  the  following  voltages  In  time  and  this  Is  done  N,  times.  Some 
analysis  periods  are  necessary  to  reach  a  steady  state  solution. 

-  The  stop  conditions  are  different  lor  the  self-  or  non  self-oscillating  circuits.  When  the  analysis 

period  is  equal  to  the  maximum  period  (T  =  ,  non  self-oscillating  circuits),  the  stop 

condition  is  written  as; 

(3) 

with  E,  the  relative  error  and  Vt[tp)  ,  the  indexed  variables  for  current  and 


previous  iteration. 

For  self-oscillating  circuits,  the  condition  (3)  can  not  be  used  and  wave  form  visualization  of 
the  analysis  period  is  necessary. 
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3.  Example* 


3.1.  Resonant  Tunneling  Oscillator 

A  detailed  analysis  of  millimeter  range  Resonant  Tunneling  Diode  <RTD)  oscillators  is  made  in  [4] 
The  large  signal  equivalent  circuit  of  the  oscillator  is  presented  in  Fig.l  [4).  lumped-etements  for  the 
long  lines,  necessary  for  matching  the  load  (radiation  resistance  R,)  and  for  the  filter,  are  used 
(L„,L);.C,  for  the  load  line  and  Lrl.L,,,Cn  for  the  filter  line  ).  Cw  is  the  diode  capacitance  (including 
parasitic  capacitances),  Rw  is  the  losses  resistance  from  the  diode  and  the  circuit,  Lt.L,  are  the 
inductances  due  to  respectively  the  connection  of  the  diode  and  the  bias  to  the  circuit.  C( ,  R ,  and  R . 


An  HTD  IS  an  unipolar  device  so  that  the  measured  nonlinear  I J0  -  Vi0  characteristic  can  be  used 
in  the  numerical  simulation. 

The  differential  equations  described  the  circuit  given  in  Fig.l  are 
dIOT  L-,Vrf  -t-  L,,V,|  (L„+Lr,XVn-i-R,Jn1) 

dt  AA1  AA1 

i  <L„  +  L.)V„-LcVd  L„(Vb*R,.1pt) 

dt 


AA2 


AA2 


V  =-R(I  -I  4-C  -  Vt' )  -  L  (^IlZL-^L  +  c  — 

“  ,(lc,T  '  1  dt  ’  dt  dt  '  dt2 

V  =  V  -  R  (1  +C  ^ d  I  L  (— +  C  -  Vd  ) 

V«'  V“  R'(i'+C'  d,  )  L”(dt  +C'  dl=  1 


(4) 


dt 


V  ..R(I  +c^  +  C^)-L(irC^-+C^4) 
V»  R*(I,+C|  dt  *  dt  ’  ,(d<  r  dt2  ^  dt!  ' 


'di  ”  +C, 


dVD 
P  dt 


Where  AA1  =  Lt,Lc +Lrl(Ln  +  L,)- 
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In  the  set  of  differential  aquations  (4),  Vd  ,VC(,V„,VD  are  the  AC  signal  voltages  and  1  f  the 
AC  currents. 

The  AC  diode  current,  ID  is  obtained  from  the  measured  characteristic  as  : 

~  ^oC^dCD  VdH4M  (t») 

where  ere  the  DC  diode  current  and  voltage. 

To  find  the  optimum  value  for  analysis  signal  period  T,  a  study  of  the  oscillations  which  can 
possibly  appear  in  the  circuit  is  necessary. 

The  condition  for  oscillation  is  given  by: 


"w^7+wL‘+X|f -° 

Rn  +RW  +R  =0 


where  Rd  is  the  large  signal  equivalent  diode  (negative)  i' si  stance,  Xr,R lf  are  the  reactance 
and  resistance  of  the  parallel  load-filter  impedances  (being  :  Z„  =Z,|Z,  =  Rir+jXH). 

At  a  useful  frequency,  the  filti  r  impedance  Zrmust  be  much  larger  than  the  load  impedance  Z,. 
This  frequency  is  then  determirrsd  by : 

-_L_+^Lc+X|  =  0  (7) 

Other  oscillation  frequencies  (given  by  (5))  can  appear  in  the  circuit.  These  frequencies  can  be 
stopped  by  a  filter  resistance  Rr2  3Q  [4). 

Another  possible  oscillation  that  can  appear  in  the  circuit  of  Fig.1 ,  is  a  low  frequency  oscillation 
given  by  the  resonance  between  C,  ar  L,.  This  oscillation  can  be  stopped  witn  a  low  value  for 
external  series  resistance  (R,  2  tfl)  [4], 

All  the  derivatives  in  equation  (4)  are  replaced  by  discrete  time  defending  expressions  as  given 


To  solve  this  set  of  differential  equations,  nine  starting  values  are  necessary,  two  for  each 
second  derivatives  (Vd,Vcf  ,V^  )  and  one  for  each  first  derivative 

v, ,  .V, ,  ,v„  ,V,n,V„„Vcd  ,VDl  (8) 

Usually,  all  the  starting  variables  are  zero,  except  one  (or  more)  for  which  a  small  perturbation 
appears. 

The  results  of  the  numerical  analysis  of  oscillator  circuit  (Fig.1 ),  for  different  values  of  the  circuit 
elements  are  shown  in  Fig. 2. 

For  large  values  of  the  filter  and  external  resistances  (R,  =  5n,Ke  =  20),  only  the  useful 
oscillation  frequency  given  by  (6)  is  possible  in  the  circuit.  Simulations  generate  a  sinusoidal  wave 
form  (with  a  frequency  of  fh  -  21.1GHz)  (see  Fig.2a). 

The  analysis  period  used  in  the  simulations  is  around  T  =  400ps,  and  the  number  of  steps  is 
N, =20000.  In  this  way  the  signal  period  T,  -  45ps  includes  a  number  ol  points  larger  than  1000. 
With  arbitrary  starting  values  (7),  (being  :  Vd,  =0.imV;Ver2  =0.1mV; V„,  =  O.OlmV.ctc.),  the 
same  wave  form  ( Fig.2a  )  is  obtained.  The  steady  state  solution  is  obtained  alter  40-90  iterations. 
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The  resist  of  the  simulations  for  R,  =  Of}  (  Rt  =  2 Cl)  is  shown  in  Fig.2b.  Foi  different  starting 
values  (7).  a  different  wave  form  can  appear  in  the  circuit-  For  Vtf,  =  O.lmV,  a  sinusoidal  wave 
form  (fu «  21.1GHz)  appears  in  the  circuit  For  V„2  =  O.OlmV,  a  non  sinusoidal  wave  form  (Fig. 2b) 
appears  in  the  circuit  (f  =  1 1GHz). 

The  analysis  period  is  T  =  2400ps,  and  the  number  of  steps  is  NS=120000.  After  10-20 
iterations,  the  steady  state  solution  is  obtained. 


Figure  2 .  a)  AC  diode  voltage  as  a  function  of  time  for  Fe  =  2Q  and  Rf  =  50. 

b)  AC  diode  voltage  as  a  function  of  time  for  Re  =  20  and  Rf  -  00. 

c)  AC  diode  voltage  as  a  function  of  time  tor  Re  =  OO  and  Rf  =  50. 


A  similar  result  is  obtained  for  an  external  resistance  Rt  =  Of}  (R,  =  5 Li)  as  shown  in  Fig. 2c. 
Two  oscillation  frequencies  appear,  A  low  frequency  oscillation  (f,  »  70Mhz,  which  is  determined 
by  the  resonance  of  L,Cc)  is  obtained  and  a  high  frequency  oscillation  given  1  >v  the  resonance  of 
the  diode  and  the  load  (fk  *  21.1GHz).  The  starting  value  (7)  is  V=2  =  0.0 1  iV.  The  analysis 
penod  is  T  =  30ns,  and  the  number  of  steps  is  N, =500000.  After  3-4  iterations  the  steady  state 
solution  is  obtained. 
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An  interesting  result  obtained  by  the  simulations  is  presented  in  Fig.3,  where  the  useful  frequency 
fh  vs.  DC  bias  is  given  (Rf  =  5 O  and  Re  =  212).  An  oscillator  with  variable  frequency 
(Afb  -  100MHz)  can  be  obtained. 


Figure  3 :  Oscillation  frequency  as  a  function  of  the  DC  bias  voltage  across  the  diode. 

3.2.  Schottky  diode  detector  circuit 


Using  the  proposed  analysis  technique,  a  simple  diode  detector  circuit  with  a  schottky  diode  is 
analyzed. 

The  large  signal  equivalent  circuit  is  presented  in  Fig.4.  are  respectively  the  diodes'  series 

resistance  and  connection  inductance,  while  C„R ,  are  Ihe  external  elements  necessary  for  detection 
of  the  signal.  A  schottky  diode  is  an  unipolar  device  and  the  DC  measured  characteristics  can  be 
used  in  the  simulations.  The  nonlinear  diode  capacitance  CLV  of  the  diode  is  used  in  the  simulations. 


C  =  V» 


0) 


where.  is  the  built-in  diode  voltage,  VJ0,VD  are  respectively  the  DC  and  AC  diode  voltage. 
The  differential  equations  describing  the  circuit  of  Frg.4  are: 

v,~v°  ,c  d<V-vo)_tl  +I  Ki  +  Ras)+(CR 

R.  +Ce  dt  -(Io+1“KI+  Rt)  +  (C'R,"  +  Rt)(dt  +  dt  )  +  C'L‘Cl^ 


.A=E 

dt3 


ID  =  I«[exp( 


qVn 

nkT 


)-l] 


(10) 


whc  re  lw  is  the  DC  current  of  the  diode  and  Vf  the  AC  input  voltage. 

For  a  sinusoidal  input  voltage  with  a  period  T,,  the  analysis  period  is  T=T,.  The  set  of 
differentia]  equations  (10)  can  be  easily  reduced  to  one  third  order  differential  equation. 
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Figure  4:  Large  signal  equivalent  circuit  of  a  detector  with  a  schottky  diode 

Three  starting  values  lor  diode  voltage  VD1,VD3,VD,  are  necessary.  The  step  number 
N,  i  1000  gives  good  results  tor  the  numerical  simulation.  The  output  voltage  wave  form  ( VRi ) 
obtained  by  the  simulations  is  presented  In  Flg.5.  A  very  large  range  for  starting  values  can  be 
used. 


Figure  5 :  Input  and  output  voltage  for  the  diode  detector 


The  stop  condition  (3)  is  fulfilled  (relative  error  E,=1%)  after  20-100  iterations. 

4.  Conclusions 

A  new  time-domain  technique  for  the  analysis  of  nonlinear  devices  and  circuits  is  presented. 
Using  the  proposed  technique,  numerical  results  of  the  analysis  of  a  resonant  tunneling  dir  a 
osdllatof  circuit  and  a  Simple  schottky  diode  detector  circuit  are  presented. 

The  program  was  developed  in  the  Pascal  programming  language,  for  PC  computer  nd 
Macintosh.  Very  good  convergence  of  the  numerical  solutions  was  obtained. 
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Abstract 

Partial  wave  synthesis  is  applied  to  model  the  discontinuities  of  shielded  coplanar  waveguides. 
This  method  allows  a  self-consistent  computation  of  the  conductor  loss  without  a  suiface  impe¬ 
dance  approximation  of  the  skin-effect.  Numerical  results  for  a  step  discontinuity  of  a  MMIC 
coplanar  transmission  line  are  presented.  The  influence  of  the  metallization  thickness  on  tin- 
propagation  characteristics  of  coplanar  waveguides  and  on  the  scattering  characteristics  of  co¬ 
planar  waveguide  discontinuities  is  investigated.  The  convergence  behaviour  of  the  scattering 
parameters  as  a  function  of  the  number  of  modes  is  discusred. 


Introduction 

In  monolithic  microwave  integrated  circuits  (MMIC’s)  the  strip  width  and  metallization 
thickness  of  transmission  lines  may  range  in  the  skin  depth's  order  of  magnitude.  Conductor 
loss  becomes  significant  in  these  transmission  lines  and  may  not  be  neglected  in  the  circuit 
design  (3). 

Most  common  approaches  are  based  on  field  modelling  assuming  perfect  conductors,  and 
the  conductor  losses  are  evaluated  using  a  surface  impedance  description.  However,  the  surface 
impedance  description  is  only  valid  lor  a  metallization  thickness  considerably  larger  than  the 
skin  depth.  In  order  to  determine  accurately  the  conductor  loss  and  its  effect  on  the  propagation 
constant  for  waveguides  with  transverse  dimensions  in  the  order  of  the  skin  depth,  a  full-wave 
analysis  is  required  considering  also  the  electromagnetic  field  inside  the  conductor.  Partial  wave 
synthesis  fulfills  these  requirements.  However,  this  method  has  been  applied  up  to  now  only  to 
the  calculation  of  the  propagation  characteristics  of  transmission  lines  [2.3],  In  this  paper  partial 
wave  synthesis  is  extended  to  determ-ne  the  scattering  parameters  of  coplanar  transmission  line 
discontinuities. 


Method  of  Analysis 

Analyzing  discontinuities  by  partial  wave  synthesis  requires  the  calculation  of  the  dominant 
eigenmode,  which  is  the  only  propagating  mode  at  the  considered  frequency,  and  the  evanescent 
eigenmodes  on  both  sides  of  the  discontinuity.  Fig.  1  shows  a  coplanar  waveguide  (CPW)  with 
finite  metallization  thickness  inside  a  rectangular  box  with  perfect  electric  conducting  walls. 
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Figure  1:  coplanar  waveguide  cross  section 


Due  to  the  symmetry  with  respect  to  the  plane  x  =  0,  only  half  of  the  structure  has  to  be 
considered.  In  the  symmetry  plane  a  magnetic  or  electric  wall  is  placed.  The  cross  section 
depicted  in  Fig.  1  is  divided  into  three  layers  and  five  regions.  In  each  of  the  homogeneous 
regions  t  the  electromagnetic  field  is  expanded  into  a  series  of  partial  waves  consisting  of  a 
combination  of  LSEX  and  LSHX  longitudinal  section  waves,  respectively  [2].  The  Helmholtz 
equations  for  these  waves  arc 


Ant.  +  w2/i.£,n„  =  o 

Anrt  +  u>!v,-n„-  =  o 

(1) 

(2J 

with 

e,  =  eotrl(l  —  j  tan  £,)  +  —■ 

(3) 

J U> 

In  each  region 

i,  the  Helmholtz  equation  is  satisfied  by  the  following  ansatz  of  the  partial 

waves. 

n„  = 

£  ^  }  { v  + 

n*.  = 

n 

(4) 

with 

kl<n  +  -  “-'3Pie, 

&«  +  ££„  + *2  =  wVit, 

(■i) 

The  field  components  are  obtained  by  a  superposition  of  LSEX  waves  and  LSH*  waves: 


Er 

-  + 

Hr  = 

Ev 

=  Pla-jamSfl* 

d*6«v  ■'  ^  bz 

= 

;a)eau  + 

*'  a*  dic/y 

...  ..SJlt  4.  ilfi 

Ez 

^  dV 

H-_  = 

In  the  homogeneous  layer  /  =  1  and  l  ~  3.  the  coefficients  Rin  W5H  and  the  separation  con¬ 
stants  £rln,  fcj rin-  kibn  van  be  determined  straightforward  using  the  vertical  wall  boundary 

condition  at  x  —  0  and  x  =  a.  This  does  not  apply,  however,  to  the  plane  of  metallization. 


577 


because  we  are  dealing  here  with  a  structure  layered  in  x— direction.  Consequently  the  LSEX- 
and  LSHZ  pari-al  waves  have  to  be  derived  using  the  field  continuity  condition  at  x  =  *  and 
x  =  a  +  tv  and  the  boundary  condition  at  the  vertical  walls  at  x  —  0  and  x  =  a.  We  obtain  for 
each  partial  wave  a  nonlinear  eigenvalue  equation 

WU)]W  =  0  (7) 

with  the  column  vector  [x„]  =  [Aln.  fia„,  Aj«,  At„,  The  eigenvalue  k„n  corresponds 

to  the  separation  constant  at  one  of  the  regions  in  the  the  metallization  plane.  The  separation 
constants  of  the  other  regions  in  this  plane  are  determined  by  (5)  and  the  condition  A ^  :  = 

k„ 2„  =  i:„3n  =  which  is  a  consequence  of  the  continuity  condition.  Thus  each  partial  wave 
in  a  region  of  the  inhomogeneous  layer  I  =  2  is  matched  via  the  continuity  condition  to  a  partial 
wave  in  its  neighbouring  regions.  We  can  now  write  an  unified  ansatz  of  the  LSE x  partial  waves 
of  the  three  layers  l  =  1,2,3: 

n‘,)  =  £  A*,0  •  ni'>  =  A<'>  •  A'<'>(x)  ■  (eJ*'"v  +  (S) 

The  factor  js  suppress*.  ■  in  the  ansatz  (8),  because  it  is  the  same  for  all  partial  waves. 

Note  that  the  separation  constants  kzln  and  in  the  next  step  the  functions  are  known  from 
(7)  while  the  kfy  are  determined  togather  with  the  propagation  constant  k The  LSHr  partial 
waves  are  established  correspondingly: 

n<f>  =  •  n2  =  L  A®  •  xX>{*)  •  w 

n  n  '  ' 

The  propagation  constant  ks  and  the  coefficients  Aj/*,  B^\  of  the  ansatz  (S)  and  (9)  are 

determined  by  applying  the  boundary  condition  of  the  horizontal  walls  at  y  =  -</  and  y  =  t  +  h 
and  by  applying  the  continuity  equation  for  the  transverse  fields  at  the  horizontal  boundaries 
of  the  layers. 


£',=1|(x) 

-  )  =  0 

£<;">>(x)  -  =  0 

at 

y  =  t 

(10) 

tf<'“‘>(x) 

-  wi'=2|(x)  =0 

tf<'=»(x)  -  tf!'=5>(x)  =  0 

at 

y  =  i 

(ID 

-  £<,a,:,)(*)  -  o 

£<'“2>(x)  -  £<'-3>(x)  =  0 

at 

y  =  D 

(12) 

-H{J=3)(x)  =  0 

ff!'=2)(x)  -  tfl'=3>(x)  =  0 

at 

y  =  0 

(13) 

Using  the  corresponding  field  components  of  the  partial  waves  of  the  homogeneous  layers  /  =  1 
and  l  -  3  as  test  functions  the  method  of  moments  [1]  applied  to  the  continuity  equations 
( ]  0)-(  13)  leads  to  a  homogeneous  system  of  equations: 

l  WW  =  0  (14) 

Its  eigenvalues  represent  the  resulting  complex  propagation  constants  and  the  column  vector  [;r] 
the  unknown  coefficients  of  the  ansatz  (8)  and  (9).  The  electric  field  £  and  the  magnetic  field 
7/  of  the  partial  waves  are  deduced  from  the  potentials  in  the  ansatz  (S)  and  (9)  by  means  of 
eq.  (6).  Thus,  one  can  rewrite  the  field  of  the  eigenmode  m  using  a  simplified  notation: 

cm  =  y]  cmn£nm  (T5) 

ji 

hm  —  ^  CTt,nVmn  (lb) 
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The  partial  waves  are  referred  to  the  subscripts  mn.  because  each  mode  m  is  an  expansion  of 
its  own  characteristic  partial  waves.  For  the  normalized  eigenmodes  em.  h;.  tire  orthogonality 
relation 

Js  em  x  hids  =  Smi  (17) 

holds,  where  S  is  the  cross  section  of  the  box  area,  and  6ml  is  the  Kronecker  delta  function. 
Analyzing  the  characteristics  of  discontinuities  the  incident  and  scattered  fundamental  modes 
as  well  as  higher-order  modes  must  be  taken  into  account  on  both  sides  of  the  junction. 

E  =  £(Ara-rBm)em 

m 

=  ([A]r  +  lO  M  (IS) 

m 

=  (\A)r  -  (B)r)  (h)  (ID) 


[ej  =  (ei...em...eM]r  (20) 

[h|  =  (hi . .  .hm  •  •  •  hM]r  (21) 

The  vectors  [yl]  and  [ B ]  represent  the  amplitudes  of  the  incident  and  scattered  modes,  respec¬ 
tively.  The  transverse  fields  Et  and  Ht  are  continuous  across  the  junction  plane  between  two 
waveguides  I  and  II.  Therefore,  one  has 

[H}l)(^,y)]  =  (Ht  (i,  y)] 

Performing  the  modal  expansion  of  the  fields  In  equation  (22)  yields: 

+  [fl«'>f)  (*,«'>]  =  (lA|r,)]T  +  [fi("»)T)  [et(">]  (23) 

([A'Y  -  !B<Y)  (ht^>]  =  (-]yl<">]r  +  (h,<"’]  (24) 

In  order  to  determine  the  amplitudes  in  equations  (23),  (24)  a  suitable  product  is  defined  (4): 


(e(r,y)  x  h(x,y))  =  J  e(x.y)  X  h(x,y)  da 


Using  the  magnetic  field  of  the  modes  in  waveguide  /  as  test  functions  in  eq.  (23).  and  the 
electric  field  of  the  modes  in  waveguide  II  as  test  functions  in  eq.  (24),  and  making  use  of  the 
orthogonality  relation  (17).  we  arrive  at  a  linear  system  of  equations,  which  reads  in  matrix 
notation: 

+  =  [ft]  ([A«">]  +  [£<">!) 

|ft]  ([A('l]  -  [£<'>])  =  -[A‘">]  +  [S'")]  1  ' 

The  elements  of  the  matrices  [ft]  and  [ft]  are  given  by: 

ft-n-  -  5ZIZc'"c"o(^ni11  X  Tmj)  (27) 

<  ) 

=  EE'-aiK™  *  O  t2s> 
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Figure  2:  coplanar  waveguide  discontinuity 

From  eq.  (26),  the  generalized  scattering  matrix  of  the  eigenmodes  can  be  written  in  the  form 


=  [Sn]|d">! 

+  [$.2]l/l(">] 

7  Ofl  \ 

=  [$2,j  (/!<'>! 

+  [$22] 

!$,,]  = 

([/j+[A,)[*jr 

1  «*i)i*»i  --  mj 

cm 

jSn]  = 

(M  +  i*.ipyr 

‘2  [«,| 

(31) 

(•$21;  = 

((•n+iM-fiiir 

'  2(772) 

(32) 

($221  = 

((/!  +  [*2p>]r 

1 

(33) 

where  [7)  is  the  identity  matrix. 

Numerical  Results 

We  calculated  the  reflection  and  transmission  coefficients  of  a  CPW  step  discontinuity  Fig.  2 
using  the  same  parameters  as  Kuo  et  al  |5],  who  considered  the  conductor  to  be  perfect.  Tile 
results  of  both  calculations  are  plotted  in  Fig.  3. 

As  a  second  example,  a  CPW  step  discontinuity  typical  for  MMlC’s  is  treated.  The  following 
results  refer  to  a  coplanar  transmission  line,  which  has  a  600  fim  thick  substrate  with  a  dielectric 
constant  of  12.9  and  a  dielectric  loss  factor  of  1.0  •  10"3.  The  gold  conductor  is  assumed  to  have 
a  conductivity  of  3.0  ■  10r  S/m.  The  frequency  is  10  GHz.  The  skin  depth  is  0.9pm.  The 
dependence  of  the  propagation  constant  and  1  he  attentuation  on  the  metallization  thickness  ( 
is  plotted  in  Fig.  4.  As  could  be  expected,  the  attenuation  constant  o  grows  significantly  for 
smaller  values  of  t.  For  metallization  thickness  lower  than  the  skin  depth  the  effective  dielectric 
constant  of  the  CPW  is  greater  than  (t,  +  l)/2.  This  behaviour  can  only  be  described  using 
the  lull-wave  moduli  also  inside  the  conductor.  Fig.(5)  shows  the  scattering  parameters  |Snj 
and  | .SI  of  a  CPW  discontinuity,  The  parameters  were  calculated  with  4  cigenmodes  in  each 
waveguide.  The  relative  error  if  more  cigenmodes  were  used  was  below  0.1%.  In  this  case  we  use 
the  structure  functions  of  the  magnetic  field  in  waveguide  (7)  and  the  electric  field  in  waveguide 
(77)  as  the  test  function.  If  we  choose  the  test  functions  vice  versa  the  convergence  rate  is  much 
worse,  as  Fig.  6  demonstrates. 
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Conclusion 


The  propagation  characteristics  and  the  scattering  parameters  of  CPW  step  discontinuites  have 
been  calculated  by  using  partial  wave  synthesis.  Conductor  loss  is  taken  into  account  rigorously 
It  was  found  that  the  attenuation  and  also  the  effective  dielectric  constant  of  CPU  's  are  very 
sensitive  to  metallization  thickness,  if  the  line  geometries  are  in  the  order  of  the  skin  depth.  Also 
the  reflection  and  transmission  coefficients  of  a  CPW  discontinuity  are  calculated  as  a  function 
of  metallization  thickness.  A  convergence  study  shows  that  it  is  of  great  importance  to  choose 
the  proper  test  functions  in  the  h  eld  matching  at  the  discontinuity  in  ord<  r  to  obtain  accurate 
solutions  with  a  minimum  numbci  of  modes. 
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Abstract.  This  work  present*  a  spectral  algorithm  for  simulating  TEM  waves  (transverse  electric  and 
magnetic  fields)  in  the  plane  of  mirror  symmetry'  of  a  conducting  mo  noclinic  medium.  Assuming 
homogeneous  material  properties  in  the /-direction,  we  obtain  a  two-dimensional  model  where  lif  ,  Ex  and 
£,  are  uncoupled  from  the  other  three  components.  Maxwell's  equations  are  solved  by  using  a  technique 
based  on  an  expansion  of  the  wavelield  in  optimal  basis  functions.  The  algorithm  solves  the  electromagnetic 
equations  in  differential  form  by  computing  the  spatial  derivatives  with  the  Fourier  pseudo  spectral  method, 
and  expanding  the  time  evolution  operator  spectrally,  to  balance  spatial  and  time  accuracy.  The  technique 
possesses  spectral  accuracy  and  is  suitable  for  treating  complex  morphologies. 

From  the  correspondence  principle  and  the  explicit  knowledge  of  the  frequency- do  main  solution  in 
non-conducting  media,  wc  get  a  semi-analytical  solution  for  propagation  in  unbounded  homogeneous 
media.  This  novel  solution  is  found  for  a  monodmic  medium  where  both  the  conductivity  and  the 
permittivity  tensors  have,  in  principle,  four  independent  components.  The  modeling  technique  is 
successfully  tested  against  this  solution  and,  as  expected,  the  results  show  velocity  anisotropy  and  anisotropic 
attenuation.  Finally,  the  modeling  algorithm  is  applied  Vo  wave  propagation  through  a  perfectly  isotropic 
and  dielectric  quarter  space  embedded  in  an  anisotropic  conducting  background.  Snapshots  of  the  wavefield 
arc  interpreted  m  the  light  of  plane  wave  analysis  made  with  homogeneous  electromagnetic  waves. 


Maxwell's  equations 

In  3-D  vector  notation,  the  Maxwell  equations  (c.g..  Chew,  1990) 

V  x  E  =  -  +  M.  (la) 

cl 

VxH-^  +  J,  (Ifc) 

dr 

where  E.  B,  H  and  D  are  the  electric  intensity,  the  magnetic  flux  density,  the  magnetic  intensity  and 
the  electric  flux  density,  respectively,  while  J  and  M  are  the  electric  and  magnetic  current  densities, 
respectively.  In  general,  i  ay  depend  on  x  =  {xyj),  the  Cartesian  coordinates,  and  r,  the  time  variable. 
Equations  (la)  and  (lb)  constitute  sir  scalar  equations  with  12  scalar  unknowns  since  J  and  M  arc 
known.  The  six  additional  scalar  c  ons  are  the  constitutive  relations,  which  for  anisotropic  media 
can  be  written  as 

D  -  £ .  E,  (2«) 


(2*) 
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where  (  and  fi  are  the  permittivity  and  permeability  matrices,  respectively.  The  dot  in  the  r.h.s.  of  (2a) 
and  (2b)  denotes  ordinaty  matrix  multiplication.  Moreover,  the  current  density  is 

J-cr.E  +  J,,  (3) 

where  e  is  the  conductivity  matrix  end  J,  is  the  contribution  of  the  sources.  The  first  term  of  the  r.h.s. 
of  (3)  is  the  conduction  current  density.  Substituting  the  constitutive  relations  and  the  current  density 
into  equations  (la)  and  (lb)  gives 

VsE-ii-y+M.  (da) 


VxH-j'E+i 


et 


+  j,. 


(4  b) 


In  general,  a  realistic  medium  is  described  by  symmetric  anisotropic  permittivity  and  conductivity 
tensors.  Consider,  for  instance,  that 


(So,  b) 


r«.. 

0 

£13 

»I1  0 

0 

V 

0 

and  a  ~ 

0  Ojj 

0 

LCI3 

C33. 

Lflu  0 

djj 

Tensors  (5a,b)  correspond  to  a  monoclinic  medium  with  the  _y-axis  perpendicular  to  the  plane  of 
symmetry.  There  always  exists  a  coordinate  transformation  that  diagonalizes  these  symmetric 
matrices.  This  transformation  is  called  the  principal  system  of  the  medium  and  gives  the  three  principal 
components  of  these  tensors.  In  cubic  and  isotropic  media  the  --incipal  components  are  all  equal.  In 
tetragonal  and  hexagonal  materials  two  of  the  three  parameters  are  equal.  In  orthorhombic, 
monoclinic,  and  triclinic  media,  all  three  components  are  unequal.  The  permeability  tensor  is,  for  most 
materials,  isotropic.  Then,  ft  =  pi ,  where  n  is  the  scalar  permeability,  and  1  is  the  3  x  3  identity  matrix. 
Now,  assume  that  the  propagation  is  in  the  (x^)-plane,  and  that  the  material  properties  are  invariant 
in  the  >•  irection.  Then,  E,  and  II,  are  decoupled  from  E,  ,  II.  and  H,.  In  absence  of  electric 
currems,  the  first  three  fields  obey  the  TEM  (transverse  electric  and  magnetic  fields)  differential 
equations: 


dx  di 


<l!ly 


°ry  r-  r-  dt-X 

-  —  ,  (T,3£,  +  C„-^- 

dH,  gE 

~fa~  m  anEx  +  "ijE,  +  E13-g7“  + 


(6a) 

3E, 

(66) 

+  £”ir 

6E, 

(6c) 

E»— ' 

Numerical  solution  algorithm 


Maxwell's  equations  (6a-c)  can  be  written  in  matrix  form  as 


av 

at 


DV  +  M, 


where 


V-l 

Ex] 

0 

1 

E, 

M  - 

0 

MylU 

and  D  is  a  spatial  differential  operator  matrix  given  by 


(7) 


(8a, 6) 


5B7 
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“  hlaU  +  cl3ff13  —  £33ff13  +  c13<r33  “£33^7—C13^ 


£!3tTl  1  —  cl 

( -  ylu)o. 
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with  y  -  £„£»  -  £j,.  Equation  (7)  is  solved  by  a  spectral  time  integration  technique  introduced  in 
Tal-Eztr  et  al.  (1990).  Its  formal  solution  is 


V(r)  -  (  cSDM(r  -  S)d6, 
Jn 


where  zero  initial  conditions  have  been  assumed.  In  equation  (10),  exp(0  Dj  is  called  the  evolution 
operator  cf  the  system.  Most  frequently,  an  explicit  or  implicit  finite-difference  scheme  is  used  to 
march  the  solution  in  time.  This  technique  is  based  on  a  Taylor  expansion  of  the  evolution  operator. 
In  Tal-Ezer  et  al.  (1990),  the  approach  is  based  on  a  polynomial  interpolation  of  the  exponential 
function  in  the  complex  domain  of  the  eigenvalues  of  the  operator  D  ,  over  a  set  of  points  which  is 
known  to  have  some  maximal  properties.  These  points  should  lie  on  a  T-shape  set  defined  by  the 
imaginary  axis  and  the  negative  real  axis  of  the  complex  frequency  plane.  In  this  way,  the  interpolating 
polynomial  is  'almost  best'.  In  the  isotropic  case,  the  eigenvalues  /i  —  ico  (co  is  complex  frequency)  of 
D  satisfy  the  following  characteristic  equation: 


where  «■  is  the  real  wavenumber.  The  solutions  of  (11)  are:  a  static  mode  corresponding  to  the 
eigenvu)  jc  f  -  - 1 jo,  and  two  propagating  modes  lying  close  to  the  imaginary  axis,  corresponding  to 
the  ot  ler  eigenvalues.  Note  that  do  is  the  relaxation  time  of  the  system,  and  I/em  is  the  square  of  the 
phase  velocity  at  high  frequencies.  It  can  be  seen  that  in  the  anisotropic  case  the  eigenvalues  also  lie 
on  the  T-shape  domain. 

The  set  of  interpolation  points,  known  as  Fejer  points,  is  found  through  a  conformal  mapping  between 
the  unit  disc  and  the  domain  of  the  eigenvalues  T.  Let  j;(u)  be  a  conformal  mapping  from  the  w  plane 
to  z-spaee  (with  z  a  complex  variable),  which  maps  the  complement  of  a  disc  of  radius  b  to  the 
complement  of  T,  where  6  is  the  logarithmic  capacity  of  T,  given  by  the  limit  b  **  |  X'(oo)|  ,  the  prime 
denoting  derivative  with  respect  to  the  argument.  The  analytic  expression  for  y(u)  corresponding  to 
the  domain  T  can  be  found  in  Tal-Ezer  et  al.,  (1990).  The  same  function  X(u<5)  maps  the  complement 
of  the  unit  disc  to  the  complement  of  the  domain  D. 

Then,  the  Fejcr  points  are  z,  —  x(u/h  J  ”  0, ....  m  —  I  where  u,  arc  the  m  roots  of  the  equation  u"  «  <5  , 

with  m  the  degree  of  the  polynomial,  The  set  (z,:j*0 . »-l)  has  maximal  properties  of 

con'-cigence.  Then,  the  sequence  of  polynomials  Pm(z)  or  degree  m  found  by  interpolation  to  an 
arbitrary  function  /[ z ),  analytic  on  T  at  the  points  z„  converge  maximally  to  ,<Tz)  on  T.  The 
interpolating  polynomial  in  Newton  form  is 

^m(z)  -  0(,  +  a}{2  -  !<,)  4-  fl2(z  -  Z0){2  -  2,)  +  ...  +  ajz  -  Zg)..,(z  -  Zm^),  (12) 

where  ....  z  3,  j  —  0, ....  m  —1,  arc  the  divided  differences.  The  approximating  polynomial  is 

given  by  Pm{Dt)  witn  J[z)  *  e\ 

To  balance  time  integration  and  spatial  accuracies,  the  spatial  derivatives  are  compjted  by  means  of 
the  Fourier  pseud  os  pcctral  method.  This  is  a  pseud  ospectral  or  collocation  algorithm  in  which  the 
magnetic  field  Ii  «  (w=*  x  or  zt  A7  =  A’,  or  A'z)  is  approximated  by  a  truncated  series 


WffW  -  XtfA(w) 
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of  known  expansion  functions  <£„  where  the  expansion  coefficients  are 
approximate  solution  «„  coincides  with  the  solution  H(w)  at  a  discrete  set  w„ 
(or  collocation)  points, 

H^Wj)  -  //(»,).  J-0 . .V-  1. 


chosen  such  that  the 
....  w^i  of  sampling 

(14) 


The  collocation  points  arc  defined  by  equidistant  sampling  points 
Wj-jDw 

where  Dw  is  the  grid  spacing.  The  expansion  functions  are  defined  by 
i>,(w)  -=  e*'*. 


(15) 

(16) 


with 


2nr 

KDw‘ 


r  =  0 . IV—  1 


(17) 


the  wavenumber,  whence 


(18) 


Since  the  functions  <j>,  arc  periodic,  the  Fourier  pseudospecual  method  is  appropriate  for  problems 
with  periodic  boundary  conditions  ffor  example,  a  wave  which  exits  the  gnd  on  one  side,  reenlets  n 
on  the  opposite  side).  The  coefficients  //,  are  implicitly  defined  by 

H(wj)  -  £  ~l^ln‘rl'N<  J  =  0 . (7  -  1  ■  ('9) 

'•0 

The  sequence  of  tf(w,}  is  the  inverse  discrete  Fourier  transform  or  the  sequence  or  H,  ■  This  set  of 
equations  is  equivalent  to 

(20) 


r- 0 . /V-  1. 


fhe  computation  of  differential  operators  by  the  Fourier  method  conveniently  reduces  to  a  set  of 
multiplications  of  the  coefficients  7/r  with  factors  iKr,  since 


34>M 

dw 


c  jk,<£,(w) 


(21) 


so  that 

3//*(w)  VlKrHr<f,r(w). 

rm 0 


(22) 


dw 


The  spectral  coefficients  fl,  are  computed  by  the  Fast  Fourier  Transform  (FFT).  Tms  algonthm  is 
based  on  a  vectorized  version  or  the  mixed-radix  FFT  (Temperton,  1983).  The  steps  of  the  calculation 
of  the  first  paitial  derivative  are  as  follows: 


HW 


FFT 


II, 


_  FFT ' 
iK,H,  - 


an, 

dw 


WA 


(23) 


Tile  method  is  infinitely  accurate  up  to  the  Nyquist  wavenumber,  which  corresponds  to  a  spatial 
wavelength  of  two  grid  points.  This  means  that  if  the  source  is  band-limited,  the  algorithm  is  free  of 
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numerical  dispersion  provided  that  the  grid  spacing  is  chosen  such  that  Dw  £  c >  with  /„„  the 
cut-olT  frequency  of  the  source  and  c_,  the  minimum  phase  velocity  in  the  mesh. 

Plane  wave  analysis 


A  brief  plane  wave  analysis  helps  t  understand  the  physics  of  wave  propagation  in  this  type  of  media. 
Let  the  magnetic  field  H,  be  associated  with  the  following  homogeneous  plane  wave  of  slowness  s  and 
attenuation  a 

(24) 

where  to  is  the  angular  Frequency  and  (cuj-ia)swk  is  the  complex  wavenumber  vector  with 
s*  (4,  4)  defining  the  propagation  direction.  Note  that  for  homogeneous  plane  waves  attenuation  and 
propagation  directions  coincide. 

The  dispersion  relation  is  obtained  by  roplacing  the  plane  wave  solution  into  Maxwell  equations  (6). 
This  yields 

Pn‘l  +  2PM  +  Pn'l  ~  4-fY  ~  °.  (25) 

where 


This  relation  defines  a  complex  velocity 


Vm 


a)_ 

k 


^  Pai  +  +  P 1 1  $  ^  i  a 


(27) 


The  slowness  and  attenuation  vectors  can  be  expressed  in  terms  of  the  complex  velocity  as 


■r'[t> 


and 


a  -  -  co  I  ml 


(28  a.,b) 


respectively.  The  velocity  of  the  energy  (wavefront)  is  defined  by  the  average  power  flow  density 
divided  by  the  average  energy  density  and  results  to  be 


V.  -  - 


R<[ 


Pj|R'[^yC  (tot  PisV*,  +  Oh  it  +  PnO)U  jj. 


(29) 


where  F  «  1  /  R.'[  1  /  Fj  is  the  phase  velocity. 

Analytical  solution 


The  analytical  solution  for  the  conducting  case  can  be  obtained  by  means  or  the  correspondence 
principle  (e.g.,  Ben-Menahem  and  Singh,  1981)  in  analogy  with  viscoelastic  wave  propagation.  This 
requires  to  know  the  explicit  expression  of  the  perfectly  dielectric  solution  in  the  frequency  domain. 
Then,  the  dielectric  constants  can  be  replaced  by  the  corresponding  complex  dielectric  constants,  and 
the  dissipative  solution  obtained  by  an  inverse  lime  Fourier  transform. 

It  can  be  shown  that  time  harmonic  TtM  waves  obey  the  following  Helmholtz  equation 

(/'n3»  +  Pa8xx  +  -’fnOW,  +  c -  ia>My.  (30) 
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attenuation 


figure  1.  Polar  representations  of  the  attenuation  and  the  energy  velocity 


The  solution  to  this  equation  is  (Carcione  and  Cavallini,  1993) 

Hy(xtz,  co)  «-  7t 'wMyH$\<oq)t  (31) 

where  //f>  is  the  Hankel  function  of  second  kind,  and 

q  -  (/j„22  +  pnxJ  -  2p„xz)lp,  (32) 

with  p  =  pXipu  -  fly  To  ensure  a  time-domain  real  solution,  wc  take  for  a)  <  U 
njm  -  Hmy(  -  (0).  (33) 

where  the  superscript  4  denotes  complex  conjugation, 

Simulation* 

Wc  consider  a  monociinic  medium  with  *  12.5  c „  t„  —  17.5  —  —4.3  £,  and  o,,  »*  3  x  10  5  S  m~\ 

cru  —  — 7  x  1(H  5  m~\  <713  —  -3.46  x  10  '’Sr1.  The  magnetic  permeability  has  been  taken  equal  to 
that  of  vacuum.  The  source  central  frequency  is  300  KHz  with  a  cutofT  of  approximately  600  KHz. 
The  numerical  mesh  has  A',  —  Nz  *=  165  with  a  uniform  grid  spacing  Dx  —  D2**  20  m.  The  solution  is 
propagated  to  22.72  ps  with  a  first  time  step  of  9.92  px  corresponding  to  the  duration  of  the  source 
and  two  subsequent  time  steps  of  6.4  px. 

Figure  l  displays  polar  diagrams  of  the  attenuation  and  energy  velocity  curves  at  a  frequency  of  600 
KHz.  The  orientation  and  shape  of  the  curves  depend  on  the  dielectric  and  conductivity  tensors.  As 
can  be  seen,  the  attenuation  is  highly  anisotropic  with  maximum  dissipation  at  approximately  30*  from 
the  horizontal  axis.  Analogously,  the  energy  velocity  (wavefront)  has  an  anisotropic  character. 

Figure  2  compares  numerical  and  analytical  solutions  at  three  different  receivers  whose  locations 
(x,a),  relative  to  the  source,  are  indicated  in  the  pictures.  The  distance  between  the  source  and  each 
receiver  is  600  m  As  can  be  appreciated,  the  agreement  between  solutions  is  virtually  perfect  despite 
the  anomalous  behaviour  of  the  phase  velocity  at  low  frequencies.  In  first  place,  comparing  the 
different  onset  values  at  each  receiver  reveals  the  anisotropic  character  of  the  wavefield,  as  predicted 
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The  list  example  simulates  wave  propagation  through  a  steplike  structure  consisting  ill  an  isotropic 
perfectly  dielectric  step  with  e  -  8e,  and  p  —  embedded  in  an  anisotropic  conducting  medium  whose 
properties  are  the  same  as  in  the  previous  example.  The  mesh,  the  source  and  the  time  steps  arc  as 
before.  Two  snapshots  of  the  magnetic  field  are  represented  in  Figure  3.  As  can  be  observed,  wave 
propagation  far  from  the  interfaces  agrees  with  the  results  seen  in  the  homogeneous  case.  Moreover, 
the  wavefront  inside  the  step  has  cylindrical  shape  and  shows  no  directional  attenuation. 


Hgarc  3.  Snapshots  at  two  successive  propagation  times. 


Finally,  the  wave  diffracted  by  the  edge  can  be  appreciated  together  with  >  lateral  wavefront 
connecting  the  refracted  end  reflected  wavefidds. 

Acknowledgment.  This  work  was  supported  in  pan  by  tile  Commission  of  the  huropean 
Communities  under  the  GEOSCIENCE  project. 

References 

Ben-Menahem  A.  and  S.  G.  Singh.  1981,  Seismic  waves  and  sources,  Springer  Vcrlag,  New  York. 

Carcione  S.  M.  and  F.  Cavallini,  1993.  A  semi-analytical  solution  for  the  propagation  or  pure  shear 
waves  in  dissipative  monoclinic  media,  submitted  to  Acoustics  Letters. 

Chew,  W.  C.,  1990,  Waves  and  fields  in  inhomogeneous  media:  Van  Nostrand  Rcinhold,  New  York. 

Tal-Ezer,  H.,  Carcione,  J.M.,  and  Koslodj  D.,  1990,  An  accurate  and  efficient  scheme  for  wave 
propagation  in  linear  viscoelastic  media.  Geophysics,  55.  136G-1  379. 

Temperton,  C,  1983,  Fast  mixed  radix  real  Fourier  transforms, .!.  Comp.  Phys.,  52,  340-350. 


593 


CCM:  CIRCULAR  CYLINDERS  MODELER  FOR  ELECTROMAGNETIC 
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Abstract  -  CCM  is  a  new  electromagnetic  software  package  developed  to  facilitate  the  scattering  and 
radiation  from  composite  two  dimensional  scattered.  Composite  two  dimensional  scattcrcrs  are 
modeled  by  a  collection  of  circular  cylinders  of  different  types.  The  cylinders  are  made  of  either 
homogeneous  isotropic  dielectric  material,  peifectly  conducting  material,  material  characterized  by 
a  surface  impedance,  or  a  combination  thereof.  The  method  of  solution  is  based  on  a  rigorous  analysis 
for  the  scattering  of  electromagnetic  waves  from  multiple  cylinders.  In  this  technique  the  appropriate 
boundary  conditions  due  to  the  initial  rourcc  of  excitation  and  all  infinite  interactions  of  scattered 
waves  between  the  cylinders  are  applied  on  the  surface  of  each  cylinder.  The  original  source  of 
excitation  can  be  a  plane  wave  or  a  line  source  field  with  either  I'M  or  TE  type  of  polarization.  The 
CCM  program  provides  a  graphical  display  of  the  modeled  scanerets  and  rectangular  or  polar  plots 
for  different  components  of  the  associated  fields. 

INTRODUCTION 

Computation  of  electromagnetic  scattered  or  radiated  fields  from  complex  two  dimensional 
scattcrcrs  can  be  a  slow  and  expensive  process.  Quicker  results  may  be  obtained  through  geometrical 
approximation  of  the  actual  scattcrcrs  by  smaller  objects  for  which  efficient  techniques  can  be  used 
Following  this  procedure,  the  cross-section  of  two  dimensional  scattering  objects  is  discretized  into 
segments  represented  by  circular  cylinders.  The  scatteier  is  then  transformed  into  a  collection  of 
circular  parallel  cylinders  of  arbitrary  radii  and  positions.  The  solution  of  the  scattering  from  such 
arbitrary  array  of  parallel  cylinders  can  be  achieved  by  applying  the  appropriate  boundary  conditions 
on  die  surface  o(  each  cylinder.  However,  in  order  to  obtain  a  rigorous  solution  for  such  a  problem, 
one  must  consider  the  multiple  interaction  component  uf  the  fields  between  the  cylinders.  This  type 
of  analysis  is  reported  in  details  elsewhere  [1-4]  and  briefly  summarized  in  the  following  section.  This 
paper  addresses  the  circular  cylinder  modeler  (CCM)  software  package  that  simplifies  the  simulation 
of  composite  two  dimensional  scatterers  by  circular  cylinder,  implements  the  scattering  algorithm,  and 
finally  provides  a  graphical  representation  for  the  computed  patterns. 

SCATTERING  ALGORITHM 

Consider  an  E-polarized  incident  wave  (TM  with  respect  to  z  axis)  where  the  electric  field  has 
a  z  component  only  with  all  vectors  independent  of  z  of  the  circular  cylindrical  coordinates  t  p ,6 , . 
A  time  dependence  is  assumed  and  suppressed  throughout.  The  incident  plant  wave  is  expressed 
in  terms  ot  the  cylindrical  coordinates  of  the  i*  cylinder,  whose  canter  is  located  at  (p ,,  $ ,),  as 
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(p,*,)  *  e0  ^ 

0) 

-  £„  ,*■.'»  »:-w  £  ;■  y.^,)  ,«•« 

where  kjzlitSk  which  is  the  free  space  wave  number,  X  is  the  wavelength,  and  <]>0  is  the  angle  of 
incidence  of  the  plane  wave  with  respect  to  the  negative  x.  The  corresponding  scattered  electric  field 
component  from  the  i“  cylinder  can  be  expressed  as, 


£;<P,*,)  *  EX  c„  H„a,(*Dp,)  (2) 

and  the  transmitted  field  component  inside  the  dielectric  material  of  the  i*  cylinder  is  given  by 

E& P,.1>,)  "  EX  b„  Jn(k,p, )  e‘m  O) 

while  the  4>  components  of  the  magnetic  field  are  obtained  from  Faraday's  law.  The  c„  and  bk  arc 
unknown  expansion  coefficients.  The  superscripts  s  and  d  refer  to  the  scattered  fields  in  free  space 
and  the  fields  transmitted  in  the  dielectric  material,  respectively.  In  the  above  equations.  JJx)  and 
(x)  are  the  Bessel  and  the  Hankel  functions  of  order  n  and  argument  x. 

From  the  above  expressions,  one  notices  that  the  scattered  and  internal  fields  associated  with  the 
i*  cylinder  are  based  on  its  local  coordinates  Furthermore,  for  an  array  of  M  cylinders,  the 

interaction  between  the  cylinders  in  terms  of  multiple  scattered  Fields  will  require  a  representation  of 
the  scattered  field  from  on  -  cylinder  in  terms  of  the  local  coordinates  of  another.  Therefore,  The 
addition  theorem  for  the  Bessel  and  Hankel  functions  is  used  to  transfer  field  components  from  one 
cylinder  coordinates  to  the  uther  [3,4], 

In  this  technique,  the  unknown  coefficients  related  to  the  i"1  cylinder  c,„  and  in  (3)  and  (4)  are 
assumed  to  include  the  effect  of  all  interactions  between  the  cylinders.  The  solution  for  c,„  anil  bk 
can  be  obtained  by  applying  the  appropriate  boundary  conditions  on  the  surface  of  all  cylinders.  I  he 
boundary  conditions  on  the  surface  of  the  i*  cylinder  is  then  given  by 

E‘"  -  E  E‘  -  E*  .  p-r,,  O^jt.  <4> 

I'l 
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K  *  E  K  -  Hf,  ,  p,-r„  0S^2jt  (5) 

i-i 

Before  substituting  the  field  expressions  into  (4)  and  (S),  it  is  required  to  express  the  scattered  electric 
field  from  tbe  g'*  cylinder  in  terms  of  the  local  coordinates  of  the  fh  cylinder  and  obtain  an  expression 
for  the  scattered  magnetic  field  component  from  cylinder  g  in  terms  of  the  local  coordinates  of  the 
i*  cylinder.  This  latter  requirement  is  done  in  two  steps.  First,  the  scattered  electric  field  component 
from  cylinder  g  is  transferred  to  the  local  coordinates  of  cylinder  i,  then  the  magnetic  field  component 
is  obtained  in  terms  of  the  electric  field  component  from  Faraday’s  law.  Next  one  should  use  the 
orthogonal  property  of  the  exponential  function  «'"*•  for  the  resulting  expressions  from  (4)  and  (5). 
Af  ter  some  mathematical  manipulations,  the  following  relation  from  the  application  of  the  boundary 
conditions  on  the  surface  of  the  i*  cylinder  is  obtained 

»/  *  E  E  C  (6) 


where 

v.l  (7) 


W?  <*,',)  W,>  -  ,  d„.f 

-W.)  Iri) 

0  ,  otherwise 


(8) 


The  normalized  intrinsic  impedance  and  the  v  ivc  number  for  the  dielectric  medium  of  the  i1"  cylinder 

are  qri  «  ^H,/Erl  and  =  *^erip„,  respectively,  while  p„  and  Ert  are  the  relative  permittivity  and 

relative  permeability,  respectively.  The  integers  n,!=0,  ±1,±2 . ±/V,  and  i,g=0,  1  ,  2,  ....  Af. 

Theoretically,  N,  is  an  integer  which  is  equal  to  infinity;  however  practically  it  is  related  to  the  radius 
and  type  of  the  i0*  cylinder  by  the  relation  IV,  -iirj,  The  prime  denotes  the  derivative  of  the  function 

In  tt 

with  respect  to  its  argument.  The  elements  s.  and  s..  represent  the  interaction  (mutual)  and  non¬ 
interaction  (self)  terms,  respectively  11 
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The  application  of  the  same  boundary  conditions  on  the  surface  of  all  remaining  M  - 1  cylinders, 
results  in  similar  expressions  to  (8)  except  i=l,2,3,  ...M.  All  these  M  equations  are  then  cast  into  a 
matrix  form  such  as 

[VI  -  [hi  IQ  V) 

The  solution  of  the  truncated  matrix  equation  yields  the  unknown  coefficients  cm.  Once  the  scattering 
coefficients  are  obtained  the  coefficients  can  be  readily  evaluated.  Thus  the  scattered  (near  and  far) 
and  transmitted  fields  can  be  computed  in  the  presence  of  the  array  of  cylinders. 

The  special  case  of  scattering  from 
perfectly  conducting  cylinders  can  be  analyzed 
by  letting  in  equation  (8)  to  be  equal  to  zero. 

The  solution  for  the  TE  polarization,  however, 
is  obtained  by  replacing  q,,  by  1/rj,,.  The 
analysis  for  imperfectly  conducting  or 
impedance  cylinders,  is  very  sim;lar  and  straight 
forward.  The  basic  difference  is  that  the 
impedance  boundary  condition  on  the  surface  of 
each  cylinder  must  be  satisfied  instead  of  the 
conditions  represented  by  equations  (4)  and  (5). 


PROGRAM  DESCRIPTION 


The  CCM  program  tuns  on  an  IBM  or 
compatible  personal  computer  with  Intel  486DX 
processor,  or  compatible,  DOS  operating  system 
8  Mbytes  of  RAM,  SVGA  graphics  display  and 
a  Microsoft  Mouse  or  compatible  pointing 
device.  For  quality  hard  copies,  a  postscript 
compatible  printer  output  is  supported  The 
CCM  user  interface  is  mouse  driven  and 
contains  user  selectable  areas  that  appear  as 
buttons  with  yellow  color  fwo  basic  screens 
are  displayed  throughout  the  operation  with  the 
program.  The  first  is  the  opening  screen  which 
contains  a  set  of  buttons  that  represent  the  basic 
geometries  or  building  blocks  for  modeling  a 
composite  structure.  The  basic  geometries 
available  in  CCM  are:  circular  conducting  cylinder,  circular  dielectric  shell,  elliptical  conducting 
cylinder,  elliptical  dielectric  shell,  thin  strip ,  rectangular  shell,  and  parabolic  reflector.  In  addition 
to  these  basic  geometries,  the  user  can  model  a  complex  scatterer  by  using  the  arbitrary  configuration 
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of  cylinders  or  the  macro  design  editor  options.  The  geometrical  data  for  any  of  the  modeled 
geometries  can  be  saved  on  a  disk  file  for  future  use.  The  second  screen  (the  simulation  screen)  is 
divided  into  three  sections,  or  view  windows.  The  left  half  of  the  screen  is  the  parameter  window  and 
is  used  to  display  the  scatterer  and  source  parameters  as  shown  in  Fig.  1.  Selection  of  the  source 
parameter  button  in  the  parameter  window  displays  a  new  set  of  buttons  in  the  parameter  window 
from  which  the  user  can  define  the  desired  source  of  excitation  type  (line  source  or  plane  wave), 
position,  and  polarization  (TE  or  TM).  The  right  half  of  the  simulation  screen  is  divided  into  two 
sections,  the  bottom  right  comer  illustrates  the  two  dimensional  representation  of  the  modeled 
scatterer  and  the  source  of  incident  wave  as  shown  in  Fig.  2  for  a  simulated  elliptical  dielectric  shell, 
and  the  top  right  comer  displays  die  computed  pattern,  either  in  a  cartesian  or  a  polar  format,  (see 
Fig.  3).  A  complete  description  of  the  program  components  and  operation  can  be  found  in  [5], 


Fig.  2:  The  simulation  of  an  elliptical  dielectric  Fig.  3:  The  TM  bi-static  RCS  in  the  plot  view 
shell.  window. 


MODELING  OF  COMPOSITE  SCATTERERS 

An  example  showing  the  capabilities  of  the  COM  program  in  simulating  composite  scattercrs  is 
shown  in  Fig.  4.  In  this  figure  the  scatterer  is  composed  of  conducting,  dielectric,  and  impedance 
cylinders.  The  simulation  of  this  scatterer  starts  from  the  opening  screen  by  selecting  the  elliptic 
dielectric  shell  option.  Edit  the  inner  x,  y  radii  and  the  thickness  of  the  shell  to  read  .33,  .23.,  and 
.0253.,  respectively,  and  change  the  permittivity  to  5.  Use  the  save  object  button  to  save  this 
geometry  in  a  file  named  ELLIPSE.GEO,  for  example.  The  next  step  is  to  go  to  the  opening  screen 
and  select  the  thin  strip  option  Change  the  strip  length  and  width,  as  .173.,  and  .0113,  respectively. 
Select  the  cylinders  type  to  be  impedance  as  shown  in  Fig.  5.  Save  this  geometry  to  a  file  in  this 
exampl  named  STR1P.GEO,  From  the  fust  screen  select  the  circular  conducting  cylinder  option. 
Change  the  number  of  cylinders  to  39.  tlte  cylinder  radii  to  0.013,  and  the  big  cylinder  radius  to 
0.1243,  as  shown  in  Fig.  6.  The  user  can  then  select  the  save  option  button  to  save  this  geometry 
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Fig.  4:  TM  and  TE  RCS  of  an  incident  plane 
wave  on  a  simulated  composite  scatterer. 


Fig.  5-  simulation  of  an  impedance  snip. 


in  a  File  and  name  it  CYLINDER.GEO.  From  the 
opening  screen  select  the  arbitrary  configuration 
option.  Now  go  to  the  opening  screen  and  select 
the  macro  design  editor  and  load 
CYLINDER.GEO.  Next  load  the  strip  geometry 
from  the  Tile  STRIP.GEO  and  shift  it  to  the  right 
by  setting  the  radial  distance  to  0.209X.  Again, 
load  STRIP.GEO.  however,  at  this  time  shift  the 
Strip  to  the  left  by  the  same  amount  by  changing 
the  angular  position  to  180°  as  shown  in  Fig  7. 
Now,  by  loading  the  ELLIPSE.GEO  file,  the 


Fig.  b'.Simulation  of  a  perfectly  conducting  Fig.  7:  Simulation  of  a  perfectly  conducting 
cylinder.  cylinder  and  two  impedance  strips. 
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geometry  view  window  should  now  display  the  scattering  geometry  in  Fig.  4.  Next  select  the  source 
parameter  button  to  define  the  source  of  the  incident  field  as  a  plane  wave  with  incident  angle  180°. 
Select  the  TE  excitation,  and  select  the  calculate  new  pattern  button.  Use  tiie  write  button  from  the 
overlay  menu  list  to  save  this  pattern  in  a  file  named  TE.DAT.  Change  TE  to  TM  in  the  source 
parameters  window,  and  again  select  the  calculate  new  pattern  button.  When  the  TM  pattern  is 
displayed,  use  the  file  1  button  from  the  overlay  menu  list  to  load  the  TE  pattern  from  the  file 
TE.DAT.  Use  the  scale  menu  list  (mm  y,  mox  y,  and  y  tics  buttons)  to  change  the  minimum  y  to  -50 
dB  and  the  maximum  y  to  10  dB.  Select  the  y  tics  button  to  change  the  number  of  y  tic  marks  to 
6.  The  resulting  TM  and  TE  patterns  should  look  like  those  in  Fig.  4.  It  is  worthwhile  to  mention 
that  the  CPU  time  required  to  compute  the  patterns  (180  observation  points)  in  Fig.  4  was 
approximately  1  and  3,8  minutes  for  the  TM  and  TE  modes  respectively,  using  a  486/66MHZ  personal 
computer.  Figure  4  is  produced  on  Lase^et  postscript  printer  using  the  hard  copy  button  option  in  the 
plot  view  window. 


CONCLUSION 

Growth  in  computational  and  graphics  potentials  of  present  computers  allows  for  a  new 
generation  of  simulation  tools.  The  developed  CCM  program  is  a  simulation  tool  that  provides  an 
interactive  design  procedure  far  composite  two  dimensional  scaaerers  using  circular  cylinders  The 
flexibility  of  adding,  removing,  or  editing  each  individual  cylinder  or  object,  using  simple  mouse  and 
keyboard  Strok*:-  makes  CCM  suitable  for  investigating  many  different  variations  of  scattering 
geometries.  CCM  requires  e  very  small  time  on  IBM  or  compatible  personal  computer  to  compute 
the  scattered  data  from  complex  two  dimensional  objects.  This  rapid  simulation  and  analysis  of 
scattering  from  composite  objects  can  be  used  to  gain  a  better  understanding  of  field  interactions  in 
complex  geometries. 


REFERENCES 

[1]  A.  Z.  ELsbetbcni  and  A.  A.  Kishk,  "Scattering  from  Multiple  Imperfectly  Conducting  Circular 
Cylinders.'  In  Proceedings  of  the  Progress  in  Electromagnetic  Research  Symposium-PIERS 
.Cambridge,  MA,  p.  344,  July  1989. 

[2]  A.  Z.  Elsheibeni  and  A.  A.  Kishk.  "Modeling  of  Cylindrical  Objects  by  Circular  Dielectric  or 
Conducting  Cylinders."  IEEE  Trans.  Antennas  Propagat.,  vol.  AP-40,  no.  1.  pp.  96-99,  1992. 

[3]  A.  Z.  UsVri  rni  and  A.  A.  Kishk,  Author's  reply  on  comments  on  "Modeling  of  Cylindrical 
Objects  by  Circular  Dielectric  or  Conducting  Cylinders."  IEEE  Trans  Antennas  Propagat..  vol. 
AP-41,  no.  9,  pp.  1343-1344,  1993. 

[41  A  Z.  Eisherbeni, "  A  Comparative  Study  of  2-D  Multiple  Scattering  Techniques,"  Radio  Science, 
(in  prrss) 

[5]  A.  Z.  Elsherbem  and  C.D.  Taylor,  Jr,  "Interactive  Modeling  of  Composite  Two-Dimensional 
Scatterers  Using  Dielectric,  Conducting,  and  Impedance  Circular  Cylinders:  CCM  Program 
(version  1)."  Technical  Report  No.  TR-93-5,  Department  of  Electrical  Engineering,  University 
of  Mississippi,  University,  MS,  Sept,  1993. 


600 


DETERMINATION  OP  VELOCITY  AND  ATTENUATION 
OF  SURFACE  ACOUSTIC  WAV”!  IN  LAYERED  PIEZOELECTRIC  MEDIA 

R.  Weigel1,  U.  Rosier1,  H.  Maer’,  F.  Runs1*1 


1  Technische  Universitiit  Miinchen,  Lehrstuhl  fur  Hoch&equenztechnik, 
Ardsstr.  21,  D— 80333  Miinchen,  Germany 
2  Siemens  Matsushita  Components,  OFW  ENT, 

Balanstr.  73,  I>-81617  Mfinc'sen,  Germany 
1  Ferdinand  Braun  Institut  far  Hochstfrequenztechnik, 
Rudower  Chaussee  5,  D— 12489  Berlin,  Germany 


Abstract  —  A  method  for  computing  the  phase  velocity  and  the  attenuation  of  surface  acoustic 
waves  (SAW’s)  under  a  non-piezoelectric,  conducting  layer  on  a  semi— infinite  piezoelectric 
substrate  is  presented.  The  method  consists  of  a  combination  of  matrix—,  partial  wave-  and 
simplex— analysis.  As  an  example,  we  compute  the  phase  velocity  and  the  attenuation  constant 
per  wavelength  for  the  SAW  mode  on  a  YZ— lithium  niobate  (LiNbO  j)  substrate  with  a  layer  of 
amorphous  silicon  (a:Si)  at  a  frequency  of  450  MHz  in  dependence  of  the  silicon  conductivity 
and  film  thickness.  We  found  that  a  properly  designed  a:Si/LiNbOj-structuxe  may  be  used  as 
an  absorber  and  replace  bulky  adhesives. 


I.  INTRODUCTION 

Surface  acoustic  waves  (SAW’s)  can  be  generated  and  guided  at  the  surface  of  an  elastic  solid. 
Over  the  post,  ft . .i  years,  this  phenomenon  has  led  to  a  considerable  host  of  SAW  devices 

>  ■-  . i , terns  -A:'  consumer,  commercial  and  military  applications  in  modem  electronics  to  cany 
out  particular  signal  processing  functions  with  grevt  technical  facility  and  cost-effectiveness 
[1—4].  To  suppress  unwanted  reflections  at  the  chip  edges,  absorbing  strips  consisting  usually  of 
silicon  adhesives  (with  about  1  mm  width)  are  deposited  at  certain  locations  on  top  of  the 
substrate.  The  attenuation  constants  achieved  are  in  the  order  of  1  dB/A  (A:  wavelength).  As  a 
technology,  silk-screen  printing  is  used  which  is  incompatible  with  the  photolithographic 
thin-film  techniques  used  for  the  fabrication  of  the  other  SAW  components.  Further  short¬ 
comings  of  the  adhesive  approach  are  in  the  areas  of  long-term  stability  and  chip  space  require¬ 
ments.  A  second  mechanical  attenuation  method  is  the  use  of  polyimide  films  having  attenua¬ 
tion  constants  of  up  to  0.6  dB/A  [5j.  Basically  different  approaches  are  based  on  the  evapora¬ 
tion  of  thin  films  having  finite  conductivity.  The  interaction  of  SAW’s  propagating  on  a  piezo¬ 
electric  substrate  with  charge  carriers  in  thin  conducting  films  deposited  on  the  substrate 
involves  changes  in  both  attenuation  and  dispersion.  Metals  such  as  gold  and  aluminum  [6,7]  as 
well  as  semiconductors  [8,9]  have  bees  investigated.  The  major  drawback  of  metal  films  is 
caused  by  tbs  very  small  film  thicknesses  in  the  order  of  one  nanometer  which  are  required  to 
attain  the  proper  sheet  conductivity  a,  of  about  ID-4  ofl-1.  On  the  other  hand,  the  use  of  semi¬ 
conducting  films  allows  for  moderate  thicknesses  which  can  easily  be  fabricated.  This  is  due  to 
the  fact  that  the  conductivity  of  semiconductors  is  much  less  than  that  of  metals  and  can 
largely  be  varied  by  doping. 
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IL  SOLUTION  OF  WAVE  EQUATIONS 

In  what  foUows,  we  consider  a  half-space  of  a  piezoelectric  material  with  a  thin  layer  of  an 
isotropic  semiconducting  material,  of  thickness  k,  on  top,  as  shown  in  Fig.  1.  A  Cartesian 
coordinate  system  is  introduced  so  that  the  SAW’s  travel  in  the  xi  direction  along  the  surface 
whose  normal  is  in  the  xj  direction  with  the  substrate  being  in  the  lower  halfspace  xs  <  0.  This 
coordinate  system  may  have  an  arbitrary  orientation  with  respect  to  the  crystal  axes  provided 
the  tensors  describing  the  media  are  properly  transformed  to  the  (xi,xj,xj)  coordinates.  Formu¬ 
las  which  govern  this  transformation  may  be  found  in  [10], 


Fig.  1  Piezoelectric  half-6pace  coated  with  a  thin  isotropic  semiconducting  film 

Elastic  wave  propagation  in  a  piezoelectric  medium  (which  must  of  course  be  anisotropic)  is 
generally  governed  by  the  mechanical  equations  of  motion  and  Maxwell’s  equations.  Since  the 
velocities  of  the  surface  acoustic  waves  are  many  magnitudes  less  than  those  of  electromagnetic 
waves,  the  quasistatic  approximation  of  Maxwell’s  equations  can  be  used.  The  analysis  includes 
the  effects  of  mazs-loading  and  coupling  with  the  charge  carriers  in  the  semiconducting  layer. 
Each  region  of  the  layered  structure  is  characterized  by  its  own  set  of  constants  which  are  as 
fallows:  elastic  stiffness,  piezoelectric  and  dielectric  tensors  Cjjki,  ekij  and  tjk,  respectively,  and 
mass  density  p.  The  elements  of  the  dielectric  tensor  nv  are  complex  numbers  with  the  imagi¬ 
nary  parts  accounting  for  the  ohmic  losses.  In  general,  the  throe  particle  displacements  Ui  and 
the  potential  4  must  satisfy  the  following  set  of  four  coupled  wave  equations  in  each  medium: 

X  X  [XCijkl  35^x1  +  6kii 

i  k  1 

HE- sSfe-m&i]  -  <» 

a  i  i 

The  indices  in  equations  (1)  and  (2)  chance  from  1  to  3.  For  the  wave  solutions  in  the  sub¬ 
strate  s,  the  Layer  1,  and  the  superstate  v  the  following  partial  wave  ansatz  is  made: 

(i):  superstate  x3  >  h: 

$V  =  Bv  exp(jkTXj)  exp  [jk(6x,  -  vt)]  (3) 


i 
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(ii):  semiconducting  layer  0  <  x,  <  h: 


i»in  =  aL  exp(jkj/nx3)  exp  [jk(fcc,  -  vt)]  i=l,2,3  (4) 

41  =  Bn  exp(jkTMi)  exp  [jk(6ci-  vt)]  (5) 

(iii):  piezoelectric  substrate  Xj  <  0: 

Uin  =  Ain  exp(jl£a0x,)  exp  [jk(£r,  -  vt)]  i=l,2,3  (6) 

$s  =  B|  exp(jktt„xi)  exp  [jk(4xi-vt))  (7) 


Here,  Ain  and  Bn  are  the  normalized  partial  amplitudes,  and  7 ,ri,a  are  the  transverse  decay 
constants  in  xj-direction.  The  parameter  6  =  1+ifi  describes  the  wave  propagation  in  xr  direc¬ 
tion,  and  k  and  v  designate  wavenumber  and  velodty,  respectively.  Substituting  the  fouuula- 
tion  of  the  solution  into  equations  (1)  and  (2)  we  obtain  for  each  medium  (in  general)  a  set  of 
four  homogenoues  equations  for  the  relative  amplitudes  Ain  and  Bn,  i.e  each  region  is  described 
by  a  4x4  system  matrix.  The  system  matrices  have  a  nontrivial  solution  if  their  determinants  of 
coefficients  vanish.  This  condition  leads  to  polynomial  equations  of  the  8th  order  in  the  trans¬ 
verse  decay  constants.  For  given  values  of  velocity  v  ana  attenuation  constant  <S,  we  obtain  in 
general  four  eigenvalues  a„  for  a  physical  substrate  solution  (or -solutions  with  a  negative 
imaginary  part  only)  and  eight  eigenvalues  jfe  for  a  physical  layer  solution.  For  every  set  of 
eigenvalues  we  find  the  eigenvector  of  normalised  amplitudes 

The  superposition  of  the  partial  waves  (four  in  the  substrate  and  eight  in  the  layer)  leads  to  the 
general  physical  solution  of  equations  (1)  and  (2): 

(i):  superstate  x3  >  h: 


$v  =  Bvexp(jk7xj)expljk(fa,-vt)] 

(ii):  semiconducting  layer  0  <  x5  <  h: 

(8) 

8 

Uln  =  ^Twn  aL  exp(jk77nXj)  exp  Ljk(fix,  -  vt)] 

n  *  1 

(9) 

B 

if1  =  w„  b!,  exp(jkTjnXi)  exp  [jk(&,  -  vt)) 

Jl  K  l 

(10) 

(iii):  piezoelectric  substrate  xj  <  0: 

1  2 

Uin  ~  A*n  exp(jkanx!)  exp  [jk(6x!  -  vt)) 

ii  -  5 

(U) 

12 

4s  =  Yw„  Bj  exp(jkaDx3)  exp  [jk(fcc,-  vt)) 

(12) 

n*  9 
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with  Wp  being  weighting  factors,  i.e.  normalized  amplitudes.  These  equations  have  to  fulfill  the 
mechanical  and  electrical  boandary  conditions  at  the  interfaces  xj  =  0  and  xj  *=  h  which  are  as 
follows  (i  =  1,2,3): 


0): 


(“)• 


at  the  interface  xj  =  0: 


at  the  interface  xs  =  h: 


U  i  =  Ui 

(13) 

T|i  =  TL 

(14) 

(E1  -  Es)  x  n  =  5 

(15) 

(D1  -  Ds)  ■  n  =  psl 

(16) 

T»i  =  0 

(17) 

(Ev  -  E1)  x  i  =  5 

(18) 

(Dv  —  D1)  -  n  =  pi3 

(ID) 

Herein,  T,  E,  D,  and  p,  denote  mechanical  stress,  electrical  field  strength,  electrical  displace¬ 
ment,  and  surface  charge  density,  respectively  [1,2],  The  surface  charge  density  p«  can  be  de¬ 
rived  from 


|&  =  -V-(a,  E«„),  (20) 

with  cr,  being  the  sheet  conductivity.  The  explicit  formulation  of  the  boundary  condition::  are 
given  in  [11]. 

These  conditions  can  be  combined  to  form  .1  12x12  matrix  —  the  boundary  matrix.  For  a  physi¬ 
cal  solution,  the  determinant  of  the  boundary  matrix  must  also  vanish.  The  general  solution 
must  cause  the  determinants  of  the  system  matrices  as  well  as  the  determinant  of  the  boundary 
matrix  to  vanish.  Because  of  their  complicated  structures  these  matrices  cannot  be  transformed 
into  equations  for  the  velocity  v,  the  attenuation  constant  6\  and  formulas  for  the  decay  con¬ 
stants  a,  n,  and  7.  Thus,  the  following  numerical  procedure  has  been  used.  For  a  chosen  set  of 
values  for  v  and  it  the  eigenvalues  and  eigenvectors  from  the  set  of  equations  for  the  relative 
amplitudes  Au,  and  Bn  are  found  and  substituted  into  the  determinant  of  the  boundary  matrix. 
If  this  determinant  is  zero  with  a  prescribed  accuracy  the  chosen  and  computed  parameters  are 
correct.  Then  the  weighting  factors  Wn  are  computed  and  after  the  substitution  in  equa¬ 
tions  (8)  to  (12)  we  obtain  the  solution.  The  absolute  amplitudes  can  be  determined  from  the 
power  flow.  In  the  second  case,  if  the  determinant  of  the  boundary  matrix  has  a  nonzero  value, 
we  vary  the  phase  velocity  v  and  the  attenuation  constants  5\  (using  a  simplex  algorithm),  and 
the  procedure  must  be  repeated  unless  the  determinant  of  the  boundary  conditions  is  zero. 


HI.  NUMERICAL  RESULTS 

Let  us  consider  the  fundamental  SAW  mode  propating  on  a  YZ-lithium  niohate  (YZ~  LiNbO  ,) 
substrate  coated  with  a  thin  layer  of  amorphous  silicon  (a:Si).  As  a  reference  frequency,  we 
chose  450  MHz,  i.e.  the  free  substrate  wavelength  is  7.75  pm.  In  our  calculation,',  we  used  the 
following  material  data  [12,13]: 
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YZ— LiNbOa: 


c„  =  1.98432-10“  Nm'1,  c»  -  0.54775-10“  Nm'2 
c,j  =  0.65190-  10‘i  Nm-J,  cu  =  0.07884  •  10“  Nm 2 
Cn  =  2.27965-10“  Nm-J,  Cu  =  0.59645-10“  Nm-J 
Cu  =  3.7159  Asm-2,  e2j  =  2.4365  Asm-3 
eji  =  0.3062  Atm-3,  ejj  —  1.7847  Asm-2 
<u  =  46.3847  «0l  £u  =  26.702  t0 
p  =  4628.0  kpn-J 

a:Si:  cu  =  1.50-10“  Nm'2,  cu  =  0.56-10“  Nm'2,  c4l  =  0.47-10“  Nm"2 

f  =  11.9  to 
t>  =  1831.0  kgm-s 

We  compare  four  different  theoretical  models  for  the  space  charge  density  distribution  in  the 
layer: 

1.  In  a  "thick"  film  model,  we  assume  the  entire  space  charge  being  concentrated  at  xj  =  0 

(Pi  1  “  Pi,  Ptl  =  0). 

2.  In  a  "thin"  film  model,  we  assume  the  space  charge  to  be  divided  into  two  equal  parts 
(fit l  =  Pi i  =  Pill)  which  are  located  at  the  interlaces  Xj  =  0  and  xs  =  h,  i  e.  we  substitute 
o./2  in  equation  (20). 

Since  physically  the  space  charge  is  distributed  along  the  x3  direction  in  the  layer  and  not 
located  exclusively  at  the  interfaces,  both  models  are  only  approximative.  Thus,  we  developed  a 
third  model  which  is  as  follows: 


3.  To  account  for  the  finite  conductivity  a,  we  introduce  in  equation  (2)  a  "complex  permit¬ 
tivity"  of  the  layer  as 


l 

t 


<  + 


(21) 


(The  plus  sign  is  due  to  the  time  harmonic  ansatz  exp(-jut)  which  we  use  in  the  above 

partial  wave  formulations.) 


In  another  model  formulated  by  Ingebrigtsen  the  interaction  of  the  SAW  mode  with  the 
carrier  waves  is  expressed  in  terms  of  a  TM-wave  impedance  of  the  layer  [14].  As  material 
parameters,  we  use  K 2  =  4.12  D„  =  35-10'‘  m2s  i,  and  Dj,  =  12.5-10*  m’s"1  with  K2 
being  the  electromechanic  coupling  coefficient,  and  Dn  and  Dp  being  the  diffusion  constants 
of  electrons  and  holes  in  crystalline  silicon,  respectively. 


Using  these  models,  we  compute  the  phase  velocity  and  the  attenuation  constant  per  wave¬ 
length  in  dependence  of  the  silicon  conductivity  for  different  film  thickness  values  h.  In  Figs.  2 
ana  3  the  curves  ire  plotted  for  the  thickness  of  the  silicon  layer  being  20U  nm.  Curve  1  is  due 
to  our  "thick"  film  model,  curve  2  due  to  oui  "thin"  film  model,  curve  3  due  to  our  "complex 
permittivity"  model,  and  curves  4  and  5  are  due  to  Ingcbrigtscn's  model  for  both  negative  and 
positive  carriers,  respectively.  In  all  models,  we  found  a  maximum  attenuation  constant  near 
a,  =  1.6-  ID-*  ofl->.  However,  the  models  differ  considerably  in  amplitude.  Which  of  the  theories 
fits  best  to  the  phenomenon  oi  interaction  between  the  SAW  mode  and  the  carriers  in  rue  layer 
has  to  be  distinguished  by  measurements. 


Now,  let  us  account  for  the  shielding  of  the  electric  field  due  to  the  carrier  accumulation  in  the 
layer  by  introducing  a  complex  sheet  conductivity  in  our  "thick"  tilm  model  according  to  [15] 
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i*-o«  1*— 0  7  l«-04  lr-OI  0.0001 

sheet  conductivity  a,  [n/n] 


Fig.  2  Computed  vitiation  of  attenuation  constant  in  a  a:Si/LiNbOj— structure  in  depen¬ 
dence  of  the  conductivity  of  the  layer  (h  =  200  nm;  f  =  450  MHz) 


Fig.  3  Computed  variation  of  phase  velocity  in  a  a:Si/LiNbOj-*tructure  in  dependence  of 
the  conductivity  of  the  layer  (h  =  200  am;  f  =  450  MHz) 
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a.*  -  a,  (l-j<)  . 


(22) 


Figs  4  and  5  demonstrate  the  influence  oi  the  imaginary  part  x.  Heron,  Ingebrigtsen’s  model  is 
depicted  as  a  reference  As  is  seen  in  Fig.  4,  the  curves  approach  these  of  Ingebrigtsen  for  m- 
creaaing  x  values. 


iheet  conductivity  it,  [o/fl] 


Fig.  4  Computed  variation  of  attenuation  constant  in  a  a:Si)LiNbOj-structure  in  depen¬ 
dence  of  the  conductivity  of  the  layer  for  different  imaginary  parts  of  sheet  conducti¬ 
vity  (h  =  200  nm;  f  =  450  MHz) 


sheet  conductivity  cr,  [□/Cl] 


Fig.  5  Computed  variation  of  phase  velocity  in  r  a:Si/LiNbOj— structure  in  dependence  of 
the  conductivity  of  the  layer  for  different  imaginary  parts  of  sheet  conductivity 
(h  =  200  nm;  f  =  450  MHz) 
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ABSTRACT 

A  simple  method  is  proposed  for  solving  the  complex 

transcendental  dispersion  relation  of  LSK-LSE  modes  in  rectangular 
waveguides  loaded  by  a  lossy  dielectric  or  magnetized  ferrite  slabs. 
The  complex  propagation  constants  hava  bean  calculatad  by  means  of  a 
minima*,  procadurs .  Tha  main  faature  of  this  method  is  good  accuracy  if 
even  standard  minimax  procadures  have  been  used. 

1.  INTRODUCTION 

Waveguide  structures  with  a  nonuniform  filling  of  dielectric  or 
ferrite  materials  hava  baan  of  interest  from  many  points  of 
view .especially  for  applications  to  a  variety  of  microwave  components. 
Propagation  constants  of  LSM-LSE  modes  may  by  calculatad  in  many  cases 
from  dispersion  relations  for  rectangular  waveguides  loaded  by 
dielectric  or  ferrite  slabs  [1,4].  Many  authors  have  dealt  with 
structure*  whan  the  losses  were  neglected  or  small.  In  this  paper 
mors  common  case  will  be  considered  namely  losses  era  taken  into 
account  without  any  limitations. 

2.  BASIC  FORMULATION 

The  general  form  of  dispersion  relations  for  a  loaded  waveguide 
may  be  given  as  the  following  scalar  equation 

F([r<u>l,  [!»],[{])  -  0.  (1) 

where :  [T(gj)  ]  is  a  vector  having  components  of  real  and  imaginary  parts 
of  tha  propagation  constant;  [qj  is  a  vector  having  comi  >nents  of 
geometrical  parameters  of  dielectric  or  ferrite  slabs  jading  a 
waveguide;  [£]  is  a  vector  having  components  of  complex  permittivity 
of  mstarlals  filing  the  waveguide. 

Equation  (1)  is  equivalent  to  a  pair  of  nonlinear  coupled  equa¬ 
tions  in  the  complex  plane  of  T 


Re  ^F([r(u)],[q].[0)l.  -  0 
la  JF(  [r<o-0  ]  ,  [Tj]  ,  [())}  -  0. 


(2) 


For  tha  given  vectors  [17]  ,  [£]  and  radian  frequency  w  It'# 

necessary  to  find  Che  vector  [T]  satisfying  (2).  That  can  be  nade  If 
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the  minimum  of  the  modulus  of  the  function  7  can  be  found 

Kin  |f|  -  Min-j  (Re  F)2  +  <In  F)2^2.  (3) 

Tha  positive  feature  of  such  approach  is  that  the  vector  [T]  has 
only  two  components .namely ,V'  and  T”  being  real  and  imaginary  parts  of 
T  respectively.  Therefore,  high  efficiency  of  calculations  can  be 
expected  vhen  standard  methods  of  nonlinear  programming  will  be  used 
[5]. In  the  general  case  the  solutions  of  (3)  must  be  determined  at 
whole  complex  plane  of  T. 

3  *  APPLICATION  TO  LSM-LSE  MODES  DETERMINATION 

This  concept  is  universal  and  may  ba  used  for  the  determination 
of  complex  propagation  constants  of  loaded  waveguide  nodes.  As 
examples,  the  following  ceses  are  considered: 

Lossy  waveguide.  Propagation  constants  of  rectangular  waveguide 
uniformly  filled  by  lossy  dielsctric  can  be  calculated  directly  by 
using  of  the  known  enalythical  expressions  [3].  Therefore  this  case  is 
discussed  as  a  simple  illustration  of  tha  technique  propi  ed.  The 
propagation  constants  of  TE^q -modes  should  satisfy  to  the  allowing 
dispersion  relation: 

F(r\r")  -  «in(k0«[^-je-  -  <r'-jr«)2]1/2),  (4) 

where  a  is  the  width  of  wavoguide,  ,  e  "  are  the  real  and  imaginary 
parts  of  permittivity,  kQ  -  2 r/X  is  the  wave  number  of  a  free  space. 

A  common  behaviour  of  contour  lints  is  illustrated  by  Fig. 2  (non 
dissipated  medium,  -  1-jO,  a/A  -  0.7,  TE^mode)  ,Fig.  3  (non  dissipa¬ 
ted  medium,  -  1-jO,  a/A  -  1.05,  TE  ^  and  TJ^q  modes)  and  Fig. 3 
(dissipated  medium  <  -  1-JO. 5,  a/A  -  0.7,  TE^Q  mode) 

Referring  to  Fig. 2  -  4  we  can  state  that  the  contour  lines  of  |f| 
converge  in  the  point  of  minimum  |f|.  This  point  corresponds  to  the 
solution  of  dispersion  relation  (4).  By  means  of  minimax  procedures 
there  is  a  possibility  to  correct  this  solution  with  any  given 
accuracy.  Tha  minimization  on  the  basis  of  the  well-known  method  of 
Hook-Jeevs  [  5 ]  can  be  made  to  determine  more  exactly  the  propagation 
constants  of  waveguide  modee.lt  should  be  noticed  that  the  point  of 
1/2 

trivial  solution  T  -  «  '  must  be  removed  before  starting  of 

calculations . 

LSM-modsn  exi  .t  in  a  rectangular  waveguide  loaded  by  a  dielectric 
slab, as  shown  in  Fig. la.  The  propagation  constants  of  LSM-uodes  in 
this  structure  must  satisfy  to  the  following  dispersion  relation  (2]: 


H[r(w)),[>)l,[fU  -  k^1«r2*in(kylbj)co»(ky2b2)+ 

i  k  „f  co:(k  b  )sin(k  ,.b.,)  -  0, 
y2  r2  yl  1'  '  yl  V 


vhcra 

[r(u.)]-[r  (w),r'(w)]. 


[f;i~[a.b1,b2]  , 


(5) 
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k 


~  v  Ml  O*-  OO  .».T  o»  ‘Af  V  A.)  U.  ».a  a* 

nc.5  Cslcu7.st«d  dapandancsi  cl  I”  /Vq  »rvd  r'/*0  for  various  imaginary 


P«rc»  of  p«»lCCLvitl«i:  approximate  solution  (dotted  lino)  and 
mlnimax  approach  (solid  lino) 
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